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The diffraction limit of light represents a fundamental obstacle to the scaling of optical 
devices to the nanoscale. However, by incorporating metal-light interactions, optical fields can 
be concentrated to the increasingly important sub-50nm regime, but only in the near-field.  A 
key challenge to the study of these devices is the difficulty in interrogating these extremely 
scaled optical fields at dimensions (5 - 50 nm) and time scales (femtoseconds) of relevance. 
This work demonstrates a non-perturbative technique to directly image nanoscale metallic 
structures and their optical characteristics by exploiting their photoemission of electrons, an 
intrinsic property of these devices directly related to the optical field intensity and temporal 
response. Experimental validation of the system’s imaging performance better than 20 nm has 
been achieved, with extension to 5 nm realistic with existing aberration-correction technology.  
The successful design, fabrication and characterization of our instrument and experimental 
validation of novel contrast mechanisms have opened at least two classes of devices to 
investigation at unprecedented spatial and temporal resolutions.  
A central feature and a primary contribution of this work is the unique light illumination 
optics developed to enable illumination of structured metal films (optically opaque) from the 
back-surface, while imaging the resulting optical excitations on the front-surface.  This 
configuration has enabled high resolution imaging of optical apertures scaled to the deep 
sub-wavelength regime, with three important implications.  First, direct observation of the 
resonant optical fields, which are tightly confined within the structural elements, can be 
achieved without perturbation of the fields by a probing structure.  Second, with controlled 
engineering of the aperture geometry, a mechanism to launch surface plasmon polaritons can be 
employed to achieve isolated plasmonic sources with dimensions smaller than 50 nm.  Third, if 
the illumination wavelength is chosen such that the photon energy exceeds the metal’s work 
function, as it have been done (4.8 eV photon energy, with aluminum structures), the 
propagating surface plasmon polaritons can be observed directly by virtue of their decay to 
photoelectrons.  The backside illuminated light does not penetrate the metal film, thus light 
interference is substantially eliminated and investigation of 2D plasmonic optical networks with 
very close range interaction distances is realizable.  Simultaneous generation and imaging of 
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isolated plasmonic sources (~40 nm critical dimension) are demonstrated with plasmonic 
scattering structures as close as 120 nm from the launch site. Together, these new 
characterization techniques enable the controlled investigation of a very broad range of 
structures, interactions and phenomena previously inaccessible.  
 A theoretical and experimental study of the system’s temporal response is presented, 
including space charge interactions, a fundamental constraint which forces compromises 
between imaging/illumination modes to achieve femtosecond characterization.  An 
experimental comparison of image fidelity with pulsed laser excitation of durations 200 fs, 2 ps 
and 200 ps reveals the strong influence of coulomb interactions with tighter electron bunches, 
even with an average electron density as low as 2 to 10 electrons per pulse. Experimental 
observations are compared with simulations that employ techniques rigorously combining 
stochastic space charge interactions with an accurate model of the electron optical 
characteristics of the complete system.  This unified approach enabled an examination of the 
individual contributions to image degradation, and an isolation of image blur resulting from 
coulomb interactions.  Excellent agreement between experiment and simulation over a broad 
range of imaging conditions demonstrates the utility of these modeling techniques to predict 
total system performance and provide a realistic assessment of the temporal phenomena that can 
be observed.    
 While the primary contribution of this work is the design, fabrication, system integration 
and ultimate demonstration of these new imaging capabilities, and not a detailed investigation of 
any particular phenomena its realization enables, initial investigations with several plasmonic 
structures have been perfromed to reveal its potential.  These structures were patterned with a 
helium ion microscope on free standing aluminum films (80nm thick) with critical dimensions 
as small as 40 nm.  Experimental characterization was compared with rigorous Finite 
Difference Time Domain simulations of the resonant field distributions as well the behavior of 
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Chapter 1.  Introduction 
1.1  Techniques for Surface Plasmon Imaging 
The diffraction limit of light represents a fundamental obstacle to the scaling of 
optical devices to the nanoscale. This limitation has triggered considerable effort to 
develop techniques aimed at sub-wavelength control and manipulation of 
electromagnetic energy at optical frequencies (nano-photonics). A rapidly expanding 
branch of this field, plasmonics, aims at exploiting the properties of surface plasmons 
and metal-light interactions to miniaturize optical components to the nanoscopic 
dimensions of their electronic counterparts. The study of plasmonics is based on the 
phenomenon of surface plasmon resonance (SPR). SPR is explained by the coupling 
of electromagnetic modes to the collective free electron oscillations on the metal 
surface, which propagate or oscillate locally at the interface between a dielectric and a 
metallic material [1]. This unique property of plasmons enables a large variety of 
exciting applications in many disciplines: from bio-sensing to metamaterials [2-11]. 
However, a key challenge to the development of plasmonics is the experimental 
investigation of the optical near field distribution at the nanometer scale spatial 
resolution, which will greatly enhance theoretical understanding and validate various 
physical models. Over the past two decades, several techniques have emerged to 
visualize the near-field distribution of plasmonic structures such as scanning near field 
optical microscopy (SNOM), electron energy loss spectroscopy (EELS) and 
photoemission electron microscopy (PEEM)[12-16]. The work presented in this thesis 
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demonstrates a novel photoemission electron microscope with a unique contrast 
mechanism that enables the investigation of devices in a way currently inaccessible to 
other techniques.  
In the subsequent section, it presents a brief review of the above-mentioned 
techniques, highlighting their advantages and limitations.  
1.1.1  Scanning Near-Field Optical Microscopy  
Scanning near-field optical microscopy employs a sharp probe scanning in close 
proximity to the sample surface to scatter and detect the near-field distribution of the 
sample [12, 17-19]. Usually two types of probes are utilized by SNOM: probes with a 
subwavelength aperture and apertureless probes [17, 20-22]. Aperture SNOM tips are 
typically metalized tapered optical fibers or hollow atomic force microscope (AFM) 
tips with a sub-wavelength aperture at the end of the tip. The tip scans over the sample 
surface and collects the light through the aperture. In this configuration, the lateral 
resolution is largely determined by the aperture size. The frequency and polarization of 
the collected light can be analyzed to provide information about the device under 
investigation. Alternatively, the apertureless SNOM scatters the evanescent fields to 
far-field light using the sharp tip to investigate the near-field optical response of the 




Figure 1-1 Characterization of surface plasmons using near field scanning optical 
microscope (SNOM). 
Both the aperture SNOM and apertureless SNOM setups are presented in Figure 1-1 
above. Although SNOM has been applied to characterize surface plasmons with 
sub-100nm spatial resolution in many reports [13, 21, 23, 24], it has limitations 
primarily due to its perturbative nature. First of all, the close proximity required 
between the tip and the sample can cause optical coupling between them leading to 
distortions and imaging artifacts [20]. These perturbations can be compensated to a 
certain degree by characterizing the tip independently or scanning at a larger distance 
[25-27], but a poor signal to noise ratio and challenges in deconvoluting the 
interference from the tip geometry are key constrains. The second limitation of SNOM 
is that the spatial resolution is fundamentally limited by the tip size. Many efforts have 
been made to obtain smaller tips for SNOM applications [13]. For example, a 40nm 
aluminium tip sculpted using a focused ion beam has been reported by T.H. Taminiau 
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[21] but the signal-to-noise ratio (SNR) and the lifetime are still problematic for 
smaller tips. Additionally, the poor reproducibility of high quality tips is a major 
drawback with the SNOM technique. Nevertheless, there has been significant progress 
in the nano-fabrication techniques for scanning probe tips with nanometer scale 
resolution and high reproducibility that will facilitate and enable higher detection 
efficiency, improved resolution as well as more reproducible measurements [20].  
1.1.2  Electron Energy Loss Spectroscopy  
  Besides direct optical measurements like SNOM, surface plasmons can also be 
probed indirectly by electron beams. By analyzing the energy loss of electrons 
traveling through a material, the optical response of the sample can be extracted [16, 
28-30]. In fact, the concept of exciting optical resonances by energetic electrons has 
been known to researchers for decades, and is actually the technique used to discover 
surface plasmons [31-33]. The fast moving high energy electrons in the vicinity of the 
sample or transmitting through the sample induce electrical fields, which can couple to 
the surface plasmon modes on the optical device and generate a corresponding energy 
loss to the energetic electrons [31, 32, 34]. The theoretical work done by F. J. García 
de Abajo on the detailed mathematical analysis of this process concluded that electrons 
with energy > 10keV induce an electrical field effectively mimicking the 
supercontinuum source allowing different plasmonic modes to be excited [35]. 
   Although exciting surface plasmons with electrons was discovered a long time 
back, imaging surface plasmons with high spatial and energy resolution turned viable 
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only in recent years with the development of aberration correction systems, 
spectrometers and energy monochromators in commercial transmission electron 
microscopy (TEM)[30, 34, 36-38]. The basic operation principle of electron energy 
loss spectroscopy (EELS) is shown in Figure 1-2. In EELS, a focused electron probe 
raster scans over the sample and the energy loss at every pixel is acquired in a 
spectrum mode. EELS maps of the various plasmon modes are obtained, for each pixel, 
by integrating the EELS counts in a narrow energy window corresponding to a 
plasmon peak observed in the spectrum mode.  
 
Figure 1-2 EELS operation principle. 
      Several reports investigating nano-antennas, nano-particles and other 
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plasmonic structures with unprecedented nanometer scale spatial resolution and meV 
energy resolution have been published [29, 39-41]. The electron beams also excite 
dark modes which are not optically excited, in addition to the bright modes. However, 
deterioration of the sample due to beam induced heating, sputtering and hydrocarbon 
contamination affects the optical properties of the structure [40, 42]. Furthermore, the 
interpretation of the EELS measurements is a subject of discussion. There is no clear 
established quantitative relationship between EELS intensity maps and plasmonic field 
distributions, although qualitative comparison using various models such as the 
discrete dipole approximation method (DDA) and finite-difference time-domain 
method (FDTD) have been reported [41, 43, 44].   
 
1.1.3  Photoemission Electron Microscopy 
  Recently, photoemission has emerged as a promising technique to characterize 
plasmonic fields in a non-perturbative, parallel method with very high spatial (< 20 nm) 
and temporal (fs) resolutions [45-48]. Although surface plasmon enhanced 
photoemission was reported in 1971 [49-51], researchers began to use PEEM to 
achieve non-perturbative, high resolution imaging of surface plasmon fields only in 
recent years [14, 45-47, 52-57]. Two-photon photoemission (2PPE) or multi-photon 
photoemission is the predominant contrast mechanism reported in most of the work 
where the PEEM was used in conjunction with a femtosecond laser system to image 
the field distribution of plasmonic nanostructures. In 2PPE, the energy of the laser 
pulses is close to the plasmon resonance but lower than the work function of the metal 
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of interest.  The first photon excites the plasmon and the subsequent photons and the 
field enhancement corresponding to the intermediate state of excitation increase the 
quantum yield providing a contrast mechanism to directly image the plasmonic fields 
using 2PPE. Due to the second order nature of 2PPE the measured electron yield is 
proportional to the fourth power of the electric field existing on the surface. High 
power femtosecond laser systems that allow 2PPE have resulted in several studies of 
surface plasmons and field enhancement effects in and around optical antennas, 
metallic thin films, rods, nanoparticles, disks and other optically resonant metallic 
nanostructures [14, 52, 53, 55, 57-60].  
In 2005, Cinchetti et al. demonstrated PEEM imaging of localized hot spots on 
crescent shaped Ag nano-antennas [54]. In parallel, Kubo et al. reported the dynamics 
of oscillation and the dephasing of individual localized plasmon modes in silver 
gratings using interferometric PEEM measurements [45, 47]. Recently, Hrelescu et al. 
reported high resolution near field mapping of star shaped Au nano-particles using 
PEEM in which the localized plasmonic field was controlled by the polarization of 
incident light [52]. The work by Aeschlimann et al. is also quite notable where 
polarization shaping of the excitation source enabled spatial and temporal control of 
hot spots in various plasmonic structures [46]. Following some of these seminal 
reports there have been several other contributions to study and manipulate the 
dynamics of the surface plasmon modes using phase and polarization control [53, 
55-57, 59-62]. These reported work enhanced researcher’s understanding of different 
plasmonic devices and demonstrated the potential of using photoemission for the 
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investigation of optical near field. 
In all the reports so far, researchers have been using reflection mode or front 
illumination in PEEM, where the incident light directly illuminates the photoemission 
surface of a sample. This excitation limits the studies to structures coupled through 
scattering such as antennas, rods and gratings. In contrast, this thesis will present a 
transmission PEEM with illumination from the back side of the sample which would 
enable the study of sub-wavelength apertures, plasmonic photo-electrons sources, 
2D-optics studies, excitation using frustrated total internal reflection and any 
applications requiring the illumination from the back side of the structures [7, 63-66], 
Figure 1-3. In addition a unique contrast mechanism based on single photon 
photoemission will be employed to visualize high energy plasmonic modes 
corresponding to ultra-violet wavelengths in various structures.  
 
Figure 1-3 Principle of the reflection mode PEEM and the proposed transmission 
mode PEEM.  
9 
 
1.2  Thesis Organization 
The primary goal of this work is the design, fabrication, system integration, and 
ultimate demonstration of a new imaging capability to enable non-invasive probing of 
the extremely scaled optical field characteristics of nanoscale plasmonic devices.  
The path to realizing this goal comprised multiple, parallel developmental efforts 
spanning a broad range of disciplines. While it is impractical to capture the full scope 
of these efforts within this dissertation, significant breadth in the material coverage is 
required to detail elements related to both the instrument development as well as novel 
fabrication techniques needed to provide plasmonic devices with appropriate attributes 
for characterization.  This thesis is structured to detail the most critical aspects of the 
program required to validate the proposed contrast mechanisms essential to the 
instrument’s operation and to assess system performance. It is structured to include: 
Chapter 2: Design and Implementation of a Transmission Mode PEEM 
Chapter 2 provides a detailed review of the design issues specific to the electron 
optical column.  Since the electron optical column is solely responsible for the 
resolving power and image magnification of the plasmonic devices under study, great 
attention must be given to the optimization of the individual electron optical 
components as well as their combined performance.  The results of these studies 
(utilizing the MEBS simulation package) and the predicted system performance for 
several column configurations are presented in Chapter 2.  Additionally, details 
specific to the fabrication of the column and the impact on both optical performance 
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and practical usage issues are presented.  Finally, environmental variables which limit 
system performance and techniques aimed at their mitigation are discussed.  The 
results from these efforts enabled the realization of a system performance with 
sub-20nm resolution with an image magnification of greater than 6000X. 
Chapter 3: Fundamental Limits of Spatial and Temporal Resolution – 
Experimental Validation of System Performance and Constraints 
System resolution is not limited by the electron optical performance alone; 
stochastic space charge interactions present a fundamental obstacle to maintaining 
image fidelity at high beam currents or short time scales. In Chapter 3, the theoretical 
and experimental study of the system’s temporal performance are presented, including 
space charge interactions, a fundamental constraint which forces compromises 
between imaging/illumination modes to achieve femtosecond characterization. The 
experimental comparison of image fidelity with pulsed laser excitation of durations 
200 fs, 2 ps and 200 ps reveals the strong influence of coulomb interactions with 
tighter electron bunches, even with an average electron density as low as 2 to 10 
electrons per pulse. Experimental observations are compared with simulations that 
employ techniques that rigorously combine stochastic space charge interactions with 
an accurate model of the electron optical characteristics of the complete system.  
Parameters such as the acceleration voltage and the presence or absence of a beam 
limiting aperture were studied and are discussed for both reduced aberrations and e-e 
interactions.  Optimized operating conditions were deduced from these experiments 




Chapter 4: Plasmonic Device Fabrication – Nanoscale Structuring with a Helium 
Ion Microscope 
A formidable obstacle to the program goals was the fabrication of metallic 
nanostructures with suitable characteristics to assess the proposed contrast 
mechanisms, at dimensions equivalent to or below the design resolution of the 
instrument.  This challenge was solved by developing an entirely new fabrication 
process based on direct material modification and pattering of metal membranes with a 
Helium Ion Microscope (HIM).  Chapter 4 details the most significant findings of 
this parallel development effort, with an emphasis on the applicability of these 
techniques to the device requirements.  Specifically, we detail the issues related to the 
metal selection and preparation for specific imaging conditions, including degradation 
of milling fidelity on polycrystalline samples and the influence of sub-surface helium 
implantation on optical substrates.  We highlight the limitations encountered with this 
new fabrication process, and how they can be overcome to provide device structures 
exceeding the requirements.  This demonstrated approach can be used to fabricate 
plasmonic devices with critical dimensions as small as 5nm in single crystal gold 
platelets, although the final structures employed for the imaging studies were patterned 
on free standing aluminium films (80nm thick) with critical dimensions of 40 nm.  
Practical issues such as instrument modifications to provide stable manipulation and 





Chapter 5: Realization of Plasmonic Imaging  
Chapter 5 represents the culmination of the parallel developmental tracks and the 
demonstration of the primary program goal: the realization of plasmonic imaging.  
Within Chapter 5, we develop concepts specific to the contrast mechanism that enables 
the visualization of the propagating surface plasmons.  Structures are presented that 
isolate: 1) Edge launched plasmons, 2) Plasmon beam and lobe formation, and 3) 
Interference fringes between counter-propagating plasmons.  The contrast specific to 
localized resonances (e.g. hot spots) are also explored.  Throughout the chapter, the 
experimental observations are compared with rigorous Finite Difference Time Domain 
(FDTD) simulations to develop a detailed understanding of the experimental findings. 
Chapter 6: Contributions and Future Work 
Chapter 6 summarizes the specific contributions of this work and proposes 





Chapter 2.  Design and Implementation of the 
Transmission Mode PEEM 
2.1  Introduction 
The photoemission electron microscope accelerates photoemitted electrons to a 
high energy, in this case, 45 keV. An electron image of the emission surface is then 
magnified and projected onto a scintillating screen or delay line detector by projection 
lenses, where the signal is converted to either light or an electrical signal respectively. 
The magnification stack operates in a similar fashion to that in a transmission electron 
microscope (TEM). Each magnetic lens provides a certain magnification and the entire 
column can reach more than 6,000X magnification from the sample to the detector. 
When a scintillator screen is used as an electron detector, an imaging camera (Andor 
Neo 5.5 sCMOS camera) is employed to capture and record the optical image from the 
scintillator screen. With the PEEM, the entire field of view is captured in parallel, 
enabling the PEEM to probe the temporal evolution of surface plasmon dynamics in 
the sub-femtosecond regime with appropriate short pulse illumination [45, 47]. 
The design of the electron optical column is of utmost importance to the resolving 
power and magnification of the transmission mode PEEM. Individual electron optical 
components must be optimized and matched to create a high performance system 
which is capable of nanoscale imaging and enables the study of plasmonic devices. 
The electron optical elements and systems were simulated and studied using the 
MEBS simulation package. The predicted system performances for multiple column 
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configurations are presented. Additionally, details of the fabrication of the column are 
discussed with regard to their impact on both the optical performance and practical 
usability of the system. Finally, environmental variables which limit system 
performance and techniques aimed at their mitigation are discussed.  Together, these 
efforts enabled the realization of a system capable of sub-20 nm resolution with an 
image magnification of greater than 6000X. 
2.2  Initial System of Transmission PEEM 
The transmission PEEM was initially developed by ETEC Corporation for the 
sub-100 nm mask writing program [67-70], and subsequently brought to NUS. The 
original structural schematic of the PEEM before re-design is shown in Figure 2-1.  
Unlike other commercially available PEEM systems, this transmission PEEM 
incorporates transmission illumination from the backside of the sample. Figure 2-2 
presents the 3D Solidworks model of the sample region in our system. A UV focusing 
objective lens is mounted on a flexure stage to align the laser illumination spot to the 
axis of the electron optical column. The sample is loaded onto the receiver through the 
transfer port under vacuum. The UV objective lens, flexure stage and sample are 
housed inside a customized high voltage insulator and biased at about negative 45 kV. 
The anode is grounded to the vacuum chamber with a 5 mm-gap from the sample 
surface. Movement and positioning of the sample is increasingly difficult when the 
entire setup is floating at high voltage. In this case, once the sample is loaded into the 
gun, it cannot be moved. This limitation necessitates the fabrication of devices and 
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samples close to the center of the electron optical axis, where the region of interest can 
be imaged without significant distortion from the magnetic lenses. This consideration 
will be further explained in Figure 2-3 later.  
 
 
Figure 2-1 Initial schematics of the transmission photoemission electron microscope. 
The left plot shows the cross-section view of the column; the photoemitted electrons 
are accelerated in the gun area to enter the column. The column is constructed with 3 
magnetic lenses to focus the electrons onto the lithography wafer. This configuration 
was optimized to de-magnify the source and obtain sub-300 nm electron spots on the 
wafer [67-70]. Reconfiguration of the original column allowed for a maximum 




Figure 2-2 3D model of the PEEM sample region. The laser beam hits the sample 
from the backside through the illumination objective lens. The objective lens, flexure 
stage and sample are biased to high voltage together. The anode is grounded by the 
column body. 
 
The transmission illumination optics in the PEEM enable many special applications 
for plasmonics studies, of which, the imaging of sub-wavelength apertures is 
particularly interesting. The applications and fabrication of these plasmonic apertures 
will be discussed in chapter 4. The initial system was designed to be a high-speed, 
multi-beam electron lithography tool and the electron column was optimized for 
de-magnification [67-70]. Reconfiguration of the original column for imaging 
purposes allowed for a maximum magnification of only 300X, Figure 2-1. At this 
magnification, a 10 nm feature on the sample would only produce a 3µm projected 
image on the scintillator screen. The image acquisition module employs one-to-one 
optics to relay the image from the scintillator screen to the camera sensor. 
Consequently, it is not possible to optically resolve features on the scintillator screen 
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that are smaller than 6.5 μm (the camera sensor pixel size is 6.5 μm [71]). It is 
practical to image a feature over many pixels of the camera instead of only one pixel, 
which can be achieved with larger magnifications. In addition to the image capturing 
constrains, higher magnification is also beneficial to overcome the limit induced by 
the resolution of the scintillator screen. When a high energy electron hits the 
scintillation screen, it straggles inside the scintillation substrate and produces a finite 
interaction volume that emits light. The transmission PEEM utilizes an yttrium 
aluminium garnet (YAG) scintillation screen. The smallest scintillation spot on the 
YAG screen was reported to be around 1.5 μm [72-74], which means the edge 
resolution for a YAG screen is close to 1.5 μm. Forming an image at least one order of 
magnitude larger than edge resolution would minimize the effect of the edge blur 
induced by the finite scintillation spot. To conclude, it is imperative to obtain higher 
image magnification from the electron column in order to reach sub-20 nm resolution. 
The design and construction of a new magnification column is one of the most 
significant parts of this project, the details of which will be covered in the following 
section.  
2.3  New Magnification Column for PEEM 
In order to adapt and utilize the transmission PEEM for plasmonic studies at the 
nanometer scale, an electron column with magnification greater than 6000X must be 
designed, fabricated and integrated. 
The OPTICS simulation program from Munro’s Electron Beam Software package 
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(MEBS) was applied to validate and optimize the new column design. The MEBS 
software package has been proven to be a very accurate simulation tool and is widely 
used by researchers working with electron optics design [75-79]. In the OPTICS 
program, the axial field functions of each individual component are first computed with 
the Second-Order Finite Element Method (SOFEM), using a local coordinate system for 
the analysis of each component.  The component (gun or lens) can then be placed at any 
desired location in z (along the global optical axis). The excitation (or strength) of each 
lens can be scaled in the data to any desired value, prior to computing the optical 
properties. The physical size of each component can also be adjusted in the data, by 
scaling the component’s dimensions about its local z-origin. Furthermore, the object, 
which may be either a point source or an extended source such as the sample in the 
PEEM, is focused by the lens system to form a real image at the specified image plane. 
Using an auto-focus algorithm, the focus strength of each component is fine-tuned 
according to a pre-defined imaging plane. The program can handle intermediate image 
planes and real or virtual aperture planes. The outputs from the program are; the 
computed optical properties, including a table of the first-order optical properties; a 
table of the third-order aberration values at the corner of the deflection field; and a table 
of the third-order aberration coefficients.  
Three main tasks needed to be completed in order to overcome the shortcomings 
of the existing column: 
1) Select the appropriate type of objective lens for plasmonic imaging applications 
2) Design a projection stack with an image magnification larger than 6000X 




These three tasks have been realized in this project and are explained in the 
following sub-sections.  
2.3.1  Cathode Objective Lens  
The focus and projection electron lenses in the transmission PEEM were chosen 
to be of the magnetic type due to the smaller aberrations as compared to electrostatic 
lenses  [79-81]. The objective lens is one of the most important components in the 
column. It largely determines the resolution that can be reached by the system. And its 
optical properties significantly affect the optical properties of the entire column [82, 
83]. Two types of magnetic objectives are studied and compared for transmission 
PEEM: immersion lens and non-immersion lens. Schematics together with real photos 
of both types of objective lenses are presented in Figure 2-3 below. 
 
 
Figure 2-3 Schematics and digital photos of two objective lenses: the immersion lens 





The immersion type of cathode objective lens was used and studied in a low 
energy electron microscope by M. Mankos et al.[75, 76, 80]. As shown in Figure 2-3 
(left), in immersion lenses, the pole-piece opens up and generates a magnetic focusing 
field that immerses the sample. In contrast, the sample region is magnetic field free in 
the case of non-immersion lens, Figure 2-3 (right), where electrons only sense the 
magnetic focusing field in the center of the non-immersion lens once them have been 
fully accelerated. To compare the resolution property of two lenses, OPTICS 
simulation was used to calculate the lens aberrations up to 3
rd
 order. At first, the 
on-axis aberrations of immersion and non-immersion lenses are plotted in Figure 2-4 
and Figure 2-5 respectively.  
 
Figure 2-4 On-axis aberration of the immersion lens. The best resolution of 7.4nm 
(smallest beam blur) is obtained at about a 50mrad initial emission angle. At lower 
angles, the resolution is limited by diffraction of electrons (simulation at 50keV 
electron energy). At higher angles, resolution is dominated by chromatic aberration 




Figure 2-5 On-axis aberration of the non-immersion lens. Simulation conducted using 
the same parameters as Figure 2-4. Two types of lenses have similar performance for 
on-axis resolution. 
 
In Figure 2-4 and Figure 2-5, the simulation was conducted at different emission 
angles. Beam blur due to Chromatic aberration (Bc ~ а∆E/E), spherical aberration (BS 
~а3) and electron diffraction (D ~λ/а) are plotted. The total blur is defined using 
Gaussian quadrature, i.e. 𝐵𝑡𝑜𝑡𝑎𝑙
2 = 𝐵𝐶
2 + 𝐵𝑆
2 + 𝐷2, where Bc is the blur induced by 
chromatic aberration, BS is the blur induced by spherical aberration and D is 
diffraction spot size. In both Figure 2-4 and 2-5, the gun voltage is at 50kV, initial 
energy spread ∆E is 1eV. This value will vary for different samples, photon energies 
and photoemission processes. However, this assumption is still valid to demonstrate 
the optical properties of the lenses. It can be observed that: at a lower angle, the 
resolution is limited by diffraction of electrons; with an increased angle, the lens 
resolution begins to be dominated by chromatic aberration; spherical aberration only 
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begins to be noticable at higher angles for both lenses. Both lenses have similar 
performances for on-axis resolution. Although the theoretical smallest spot blurs are at 
7.4nm and 8.6nm respectively, it will not affecting the real image quality because of 
other practical issues, i.e. noise, EMI and e-e interactions. 
To further compare the difference between the two objective lenses, the off-axis 
resolutions are examined using the same approach in OPTICS. In Figure 2-6 and 2-7, 
aberrations were plotted at a point with 50μm distance to the center optical axis. In the 
case of the immersion lens, the aberration properties are very similar to the on-axis 
aberration curve (Figure 2-4). Only when the emission angle increases up to 100mrad, 
the field curvature starts to appear in the plot. Nevertheless, the off-axis resolution for 
50μm distance point is still the same as on-axis resolution.  
In contrast, there are strong off-axis aberrations for the non-immersion lens. Using 
the same simulation parameters as Figure 2-6, the resolution curve in Figure 2-7 shows 
the beam blur of a point being 50μm away from the center optical axis. Coma 
(proportional to 2r), field curvature (proportional to r2) and astigmatism 
(proportional to r2) all become higher, because of which the smallest beam blur 
changes to 16.7nm limiting the imaging field of view (FOV) for the non-immersion 




Figure 2-6 Off-axis 3
rd
 order aberration for the immersion lens. At emission angles 
smaller than 40 mrad, the total spot blur is dominated by diffraction (calculated for 50 
keV electron energy). For higher angles, chromatic aberration is the governing factor 
(calculated for 1 eV energy spread). The best theoretical resolution of about 7.4 nm is 
obtained at around 50 mrad. Off-axis aberration is low for immersion lens. 
 
Figure 2-7 Off-axis 3
rd
 order aberrations for the non-immersion lens. Compared to 
Figure 2-6, all the aberration parameters related to off-axis distance r increased. The 
optimum operation region is at about 25 mrad and the best theoretical resolution is 
about 16.7 nm.  
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Comparing to the non-immersion lens, the immersion lens has lower off-axis 
aberrations and large imaging field of view. Furthermore, the immersion lens is able to 
reduce electron-electron Coulomb interactions in the immersion lens region. With the 
presence of the immersion magnetic field, the electrons simultaneously feel the 
electrical acceleration field and the focusing magnetic field in the gun area. The 
paraxial ray approximation becomes invalid in such a case and the electron trajectory 
becomes different [84]. A comprehensive comparison between two lenses is presented 
in Figure 2-8. From the direct ray-tracing in (b1), it is observed that the immersion 
objective lens does not form a crossover before the image plane. The ray-tracing 
shows that the electrons generated from one side of the optical axis will not cross the 
center axis before they are focused onto the image plane. Each off-axis beam behaves 
like it has its own “axis” and gets directly focused onto the image plane [75, 84]. 
Therefore, when an immersion lens is used, the focusing angle at the imaging plane is 
smaller and the average spatial charge density is also lower compared to 
non-immersion lens. Both simulations and experimental works have verified these 
properties of immersion lenses [75, 76, 80]. 
In contrast, the conventional non-immersion lens focuses the electrons after they 
are fully accelerated and enter the magnetic focusing field. The off-axis electrons 
travel to the opposite side of the optical axis. Thus, as shown in Figure 2-8 (b2), 
electron trajectories in a non-immersion lens form a small beam waist at the cross-over 
plane, where the spatial charge density is higher and the e-e interactions would cause 




Figure 2-8 Comparison between immersion and non-immersion lenses: (a1) and (a2) 
show the design differences between the two types of lenses. For non-immersion 
lenses (a2), the opening of the lens pole-piece faces the center, so the magnetic 
focusing field is concentrated at the lens region. In contrast, immersion lenses have an 
upward facing lens opening, so the magnetic field from the lens penetrates up to the 
gun region, immersing the sample in the magnetic field during acceleration. From the 
direct ray tracing, the beam limiting aperture can be inserted at the crossover plane of 
the non-immersion lens (b2). However, the field of view is limited (no-distortion area 
up to about 200 μm) due to the off-axis aberration (c2). In the case of the immersion 
lens, no crossover is formed before the image plane (b1). This configuration provides 
advantages such as a large field of view (no-distortion area up to about 700 μm) and 
less e-e interactions (c1).  
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   The ray-tracing plots also explain the reason for reduced off-axis aberration in 
immersion lenses. Compared to a non-immersion lens, the off-axis electrons 
experience a more uniform magnetic field produced by the immersion lens, and the 
electron bending curvature is smaller in the immersion magnetic field [76]. This 
allows for a large field of view (about 700 μm) with an immersion objective lens, 
while a non-immersion lens usually provides only about a 200 μm undistorted image 
area. This property was also discussed by M. Mankos and S. Coyle when they were 
developing the initial system at ETEC Corporation. The PEEM images in Figure 2-8 
(c1) and (c2) are cited from their work.     
Although the immersion lens has reduced e-e interactions and a larger field of view, 
it has one critical limitation: it is incompatible with a beam limiting aperture (BLA). 
The beam limiting aperture in most electron microscopy setups has two important 
functions. First, it controls the energy and angles of electrons that can pass through the 
aperture. Second, it can reduce the current and thus controls the e-e interactions for the 
rest of the column. Hence, a BLA could be an extremely useful device to improve the 
system’s resolution. For example, with the non-immersion lens, electrons with the 
same initial emission angle at sample plane are focused at the same position on the 
crossover plane (also called the back focal plane). Usually the BLA is placed at the 
back focal plane of the objective lens to cut off the higher angle components of the 
beam, where the BLA functions as an angular information filter. However, for the 
immersion lens, no cross-over plane is formed; thus putting the BLA at any position 
will cut off useful spatial information and cause vignetting of the image.  
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It has been concluded that the beam limiting aperture cannot be used directly after 
the immersion lens. One question remains: can the BLA be placed after the second 
lens in the column? If so, the benefits of the immersion lens can be combined with 
those of a beam limiting aperture. Unfortunately, this combination will not work either. 
From the ray-tracing shown in Figure 2-9, the electron trajectory indicates that no 
crossover plane is obtained after the second lens. This is attributed to the 
circumferential momentum of electrons introduced by the immersion lens [76, 80, 84]. 
This circumferential momentum causes non-consistent crossover positions for 
different electrons, leaving no convenient crossover plane in any focusing section after 
the immersion lens. Therefore we can conclude that the immersion objective lens 
cannot be used if the beam limiting aperture is required in the column.  
 
Figure 2-9 Ray-tracing in the PEEM column with two lenses. When an immersion 
objective lens is used, no crossover will be defined in the column even after the second 




For the new magnification column, we have to choose either an immersion 
objective lens without a BLA, or a conventional non-immersion objective lens with a 
BLA. Figure 2-4 and Figure 2-5 show that chromatic aberrations contribute heavily to 
imaging blur in the PEEM. Considering the applications of plasmonic imaging, the 
energy spread of surface plasmon excited photoemission could be as high as several 
electron-volts depending on the material system and contrast mechanism. For example, 
aluminium supports surface plasmons at energies up to 10.5 eV while its 
photoemission work-function is around 4 eV. If a UV laser at 257 nm is used, which 
has a photon-energy of 4.8 eV, the energy spread of electrons generated by the first 
order linear photoelectric effect will be 0.8 eV. This initial energy spread will be 
modified by the surface oxide layer to be about 1.8eV, detail of which is discussed in 
chapter 4.  Moreover, in situations where nonlinear multi-photon photoemission is 
necessary for noble metals such as gold or silver, the initial energy spread of 
photoelectrons could be 3 eV or even more [52, 53, 85]. In addition, it has been 
reported that the ponderomotive force and the non-zero azimuthal emission due to 
plasmonic fields increase the energy spread and emitting angle from the nanostructures 
[9, 86-90]. Therefore, despite the above-mentioned merits of immersion lenses, their 
sensitivity to chromatic aberrations and incompatibility with beam limiting apertures 
weigh heavily against their favor. The conventional non-immersion lens together with 
a beam limiting aperture was chosen for the new column as a superior overall solution. 
The off-axis aberrations and chromatic aberrations from the non-immersion lens are 
reduced by the BLA which additionally reduces the imaging current, which in turn 
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reduces the stochastic Coulomb interactions and helps to improve the final resolution. 
The effects of the BLA are elaborated through both experimental and simulation 
results in Chapter 3. 
 
2.3.2  Magnification Column Design  
After determining the non-immersion objective lens to be most appropriate for this 
system, the second target is to design the rest of the column and obtain the required 
magnification while also maintaining the required resolution. A magnification stack 
composed of multiple projection lenses with proper spacing between them is necessary 
to achieve this task. The OPTICS program from the MEBS software package was used 
to optimize the operational parameters of the projection stack. Generally, the position 
of each lens can be flexibly chosen because the variable focal lengths of the magnetic 
lenses do not place stringent requirements on the precise positioning of the lenses. 
However, the maximum current that can be used to drive the lenses is about 4 A based 
on practical experience (limited by heating effects in the lens coil). The maximum 
operational current corresponds to a focal length of about 8 mm based on the OPTICS 
simulations. This emphasizes the need for careful control of the current in each lens so 
that each intermediate image plane is placed before the next lens and all lenses provide 
some magnification for the image. The column length is another practical constraint 
that limits the parameter space in this design. The larger total length will produce 
higher magnification; but it also couples the risks of increased mechanical vibrations. 
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Moreover, a longer electron beam path results in longer exposure to environmental 
noise (EMI) which could also affect the system performance. Given the room size and 
the height of the hosting optical table, it is better to keep the total length from the 
sample plane to the scintillation screen to less than 1 meter.   
Based on the space limitations, the magnetic lens combination is iterated and 
optimized to find the highest achievable image magnification in OPTICS. The 
OPTICS package also calculates the aberration coefficients that determine the 
maximum resolution of the electron optical column configuration. The simulations 
show that the aberration coefficients do not change significantly for different lens 
combinations, due to the magnification mode; however, if the beam limiting aperture 
is used after the objective lens, the excitation current of objective lens should be 
carefully treated: since it controls the relative position between the cross-over plane 
and beam limiting aperture, which largely affects the initial angle, energy and off-axis 
position of the photoelectrons that can pass through the aperture. A detailed discussion 
of the beam limiting aperture will be presented in chapter 3, together with the study of 
electron-electron interactions in the PEEM.  
Using the OPTICS simulation, a configuration was designed and optimized to 
provide a magnification of more than 6000X as well as a theoretical resolution of 
about 13 nm. Simulation results are plotted to present the aberrations of the proposed 
design in Figure 2-10. A BLA was employed in the proposed column to reduce the 
off-axis aberrations from the non-immersion objective lens. In contrast to Figure 2-7, 
all the aberrations related to off-axis distance r are suppressed due to the utilization of 
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a BLA. As we mentioned earlier, it is noticed that the predominating aberration 
component limiting the spatial resolution in the PEEM is the chromatic aberration at 
emission angles larger than 50 mrad. A cross-section schematic of the final design for 
the updated PEEM system from SOLIDWORKS is depicted in Figure 2-11. 
 
 
Figure 2-10 Aberration analysis for the PEEM with the proposed column. Off-axis 
aberration can be suppressed using a beam limiting aperture. The best resolution is 13 
nm at 40 mrad emission angle. Parameters simulated with a 45 kV gun voltage and 






Figure 2-11 Schematic of the modified photoemission electron microscope. Left plot 
shows the cross-section view of the column. The photoemitted electrons are 
accelerated in the gun area and enter the column. The column is constructed with 1 
non-immersion objective lens and 3 projection magnetic lenses to focus the image on 
the yttrium aluminium garnet (YAG) screen. On the right side is the magnification 
stack in the column. This configuration provides about 6300X magnification of the 
source plane. The operation parameters are based on magnetic coils with 1240 turns. 
 
2.3.3  Practical Considerations for a Modular PEEM System 
Besides the optimization of optical properties, a properly designed modular system 
is critical to allow for future reconfigurations and upgrades. It will enable capabilities 
to improve the image resolution as well as promising applications for a rich set of 
measurements. For example, a direct electron detector based on the monolithic active 
pixel sensor could replace the scintillator screen to significantly improve the 
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signal-to-noise ratio of images [91-94]; a drift tube section together with the delay line 
detector can provide measurement of the photoelectron energy spectrum [15, 58, 
95-97]; furthermore, a mirror aberration corrector can be utilized in the PEEM to 
improve the resolution even up to 5 nm [79, 80, 83, 98]. However, it could be 
extremely challenging and inconvenient to incorporate these promising features if the 
basic system was not designed properly.  
All the system’s components are carefully designed and fabricated in order to 
integrate finally into a modular system. Standard interfaces and vacuum seals for the 
system are used for all the sections. The lens spacer and adapter pieces are also 
designed with standard dimensions, same as the magnetic lenses. Strictly following 
standardized design rules offers the possibility of easily swapping modules. For 
instance, if we need to increase the distance between two lenses in the future, a 
standard module with the spacer and an adapter can be directly inserted into the 
column without requiring changes to other sections. Also, standardization of the parts 
effectively reduces the cost of fabrication. 
One projection lens section in the column is shown in Figure 2-12 as an example. 
Electrons travel inside the center liner tube region of the column. To maintain the 
vacuum inside the liner tubes, two pole-pieces of the lens, top and bottom column 
adapters have to be tightly clamped together, adding enough compression to the 
Helicoflex metal seals to seal the vacuum [99]. All the components require very tight 
mechanical fabrication tolerances to secure good vacuum seals and maintain the 
requisite alignment. From the specification of the metal seal, the compression 
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tolerance is at  ± 76 μm. The vacuum level inside the liner tubes is maintained at 
1×10
-8
 torr level by several ion pumps. To ensure ultrahigh vacuum throughout the 
column, all sealing surfaces are specified to reach a polishing roughness level better 
than 16 RMS (0.4 Ra μm). 
 
Figure 2-12 Cross-section view of a typical section in the magnification column. 
Important components are listed on the left side. The vacuum inside the titanium liner 
tubes is maintained with ion pumps at a level of 1×10
-8
 torr.    
The material choice is equally important. The liner tube was made of titanium grade 
5 (Ti-6AL-4V). This material is compatible with ultra-high vacuum and more 
importantly, it is non-magnetic, i.e. a relative magnetic permeability very close to 1. It 
means the focusing magnetic field from the lenses can penetrate through the titanium 
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liner tube without any distortion. Furthermore, this grade of titanium has good 
mechanical properties for machining and polishing, which is critical for a high quality 
sealing surface. Both the lens adapter and spacer are made of stainless-steel 304 
(SS304). This choice is determined by both the hardness of the material as well as the 
cost factor. All the adapters and spacers must host very strong compression to preserve 
good vacuum seals and mechanical alignments. SS304 has high hardness and tensile 
strength. It was chosen to be harder than the clamps, liner tube and lens pole-pieces to 
ensure that the shape of the parts can be maintained. However, machining SS304 
introduces localized residual magnetism [100]. The stray magnetic fields due to the 
residual magnetism would cause unpredictable beam deflections and stigmatism. To 
prevent this, the column adapter was annealed prior to the final cut to restore the alloy 
to its fully austenitic condition. For SS304, the full annealing temperature of 1010 to 
1120 °C  was held for about 8~10 minutes, after which rapid air cooling was applied 
to decrease the temperature [100]. After annealing, the dimensions of the parts will 
slightly change. A final cut was applied to obtain the required tolerance. Stainless steel 
316 (SS316) is a better option than SS304, since SS316 maintains better austenitic 
condition after cold machining. But SS316 is also a harder material which requires a 
more experienced machinist with superior technique to meet the required surface 
finish. SS316 was therefore not a feasible option with the resources in hand.  
This project involved many other details and considerations during system 
development, which are impractical to list in this thesis. Fabrication and mechanical 
aspects had to be carefully addressed and examined to achieve the best possible system 
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performance. For instance, if the alignment surface of a lens pole-piece was poorly 
fabricated, the misalignment between the flawed lens and the column could not be 
compensated electrically by any electron deflectors, leading to imaging shift and 
distortion. Figure 2-13 shows the photo of a column section that was taken during 
system construction, where important components are listed. Finally, a photo of the 
entire updated PEEM system is presented in Figure 2-14. 
 
 









2.4   Illumination Laser System  
The laser system is the single most important component to support and enable 
PEEM experiments. It is capable of meeting the unique illumination requirements of 
the PEEM. It provides a highly sophisticated and versatile source of light for 
illuminating the plasmonic structures. 
The diode-pumped solid-state laser (Verdi-18 from Coherent) produces 18 W of 
output power at 532 nm. The tunable Ti-sapphire laser cavity (Mira HP from Coherent) 
is capable of output from 700 nm to 1000 nm with a repetition rate of 76 MHz. A pulse 
picker is used to select pulses from the mode-locked laser and the repetition rate can 
be controlled from 9.5 kHz to 4.75 MHz to meet the detection device response time. 
With second/third harmonic generation, the wavelength can be changed from 350-500 
nm (second harmonic) and 250 - 333 nm (third harmonic). Based on the temporal and 
power requirements,  a pulse width of 200 fs (for fast events), 2 ps (for narrow 
linewidth probing), and even up to 75 - 300 ps with a custom UV pulse stretcher (to 
minimize stochastic space charge blurring for high resolution studies) can be selected. 
The choice of laser pulses is discussed with the Coulomb interaction simulations in 










Figure 2-15 A schematic of the complete laser system, including the design for 
the UV pulse stretcher. 
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2.5  Infrastructure Improvements 
Environmental control is crucial for nano-scale imaging techniques. A new host 
laboratory (The Plasmonics and Advanced Imaging Technologies Laboratory: PAIT) 
has been created, and the requisite support structure for the PEEM has been 
implemented within this space. Creation of the needed infrastructure included a site 
survey to determine floor loading and electromagnetic, acoustic and vibrational 
interference. The renovation required structural studies to distribute the load across the 
building using support H-beams. This provided the opportunity to create an 
environment optimized for the PEEM and the laser facility with well controlled 
environmental parameters such as acoustics, humidity, airborne particulates, and 
temperature.  The layout of the room hosting the PEEM is shown in Figure 2-16. The 
final configuration is shown in Figure 2-17.  
 





Figure 2-17 Final configuration for the PEEM. Control electronics are in the 
foreground.   
 
2.6  Chapter Summary 
In this chapter, the complete transmission PEEM system at the NUS PAIT lab was 
described. First, the original PEEM was presented. The new unique transmission 
illumination optics enable truly non-perturbative surface plasmon characterization 
with a purely optical excitation approach. However, the initial electron column does 
not provide sufficient magnification to support nano-scale resolution imaging. Details 
of the column upgrade were discussed here to illustrate design methods as well as 
important practical considerations. The OPTICS simulation package was used to 
analyze and design a new magnification column. Essential parts were out-sourced for 
fabrication, and a new column was assembled and attached to the gun chamber. The 
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upgraded system with all its subsystems; the laser source, vacuum environment, 
computer control, water cooling, power supply and signal detection system were 
carefully tested and calibrated in order to ensure that the entire system was functional. 
Encouraging results showed that we are able to obtain sub-20 nm spatial resolution 
and reach more than 6000X magnification, which is presented later in Chapter 3. 
Much effort has been spent to improve the resolution and expand the functionality 
of the system. A new room was designed and renovated to host the system, which 
provides better control of the environment. Issues such as vibrations, acoustic noise 
and EMI were treated carefully in the new room to achieve the required high 




Chapter 3.  Fundamental Limits of Spatial and 
Temporal Resolution – Experimental Validation 
of System Performance and Constraints 
3.1  Introduction 
System resolution is not limited by the electron optical performance alone; 
stochastic space charge interactions present a fundamental obstacle to maintaining 
image fidelity at high beam currents or short time scales. We present a theoretical and 
experimental study of the system’s temporal performance, including space charge 
interactions, a fundamental constraint which forces compromises between 
imaging/illumination modes to achieve femtosecond characterization. An experimental 
comparison of image fidelity with pulsed laser excitation of durations 200 fs, 2 ps and 
200 ps are presented to reveal the strong influence of coulomb interactions with tighter 
electron bunches, even with an average electron density as low as 2 to 10 electrons per 
pulse. The experimental observations are compared with simulation techniques that 
rigorously combine stochastic space charge interactions with an accurate model of the 
electron optical characteristics of the complete system.  Parameters such as the 
acceleration voltage and the presence or absence of a beam limiting aperture were 
studied and optimized for both reduced aberrations and e-e interactions. Optimized 
operating conditions were deduced from these experiments to demonstrate an edge 
resolution of 18 nm at a 45 keV beam energy and 200 picoseconds laser pulse width. 
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3.2  Statistical e-e Interaction 
 For any charged particle imaging techniques, including PEEM, e-e interaction 
(Coulomb interaction) represents a fundamental limit to the maximum attainable beam 
current at given resolution requirements [101-105]. The e–e interactions affect the 
resolution of an electron optical system by increasing the energy spread (Boersch 
effect), shifting the electron’s position (trajectory displacement effect) and causing 
global space charge defocus. The global space charge defocus, which is determined by 
the average charge density in the beam, results in a defocus of the image at the image 
plane and a change in magnification. However, this effect can be corrected by 
refocusing the lens for an axially symmetric beam with a uniform charge distribution 
[102, 103, 105]. The other two effects, the Boersch effect and the trajectory 
displacement effect [103, 105-107], are also called statistical e-e interaction. When the 
information electrons are traveling through the system before hitting the detector, the 
Boersch effect and trajectory displacement effect randomly change the kinetic energies 
and lateral positions of electrons respectively. The effects cannot be completely 
corrected for their non-deterministic nature. The discussion in this chapter will be 
focused on two statistical effects. Fortunately, the e-e interaction can be quantified 
statistically by the direct ray tracing method, which simulates the Coulomb 
interactions between electrons in an electron optical system. The IMAGE simulation 
package from MEBS Ltd. was used in this work to study the Coulomb interactions and 
their effects on the resolution of PEEM. Through direct ray-tracing, this software can 
predict the combined effects of the aberrations and the e–e interactions in a rigorous 
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and unified way. The simulation principle of IMAGE is introduced in appendix 1. 
The Boersch effect is the occurrence of stochastic shifts in the axial velocities of the 
particles which lead to a broadening of their energy distribution. It affects the system 
resolution by causing increased chromatic aberrations in the lenses and deflectors. The 
stochastic lateral shifts in the particle (electron) positions and velocities cause a direct 
deterioration of the system resolution. This phenomenon is called the trajectory 
displacement effect or Loeffler effect. These two effects are illustrated in Figure 3-1.  
 
        
 
The signature of the Boersch effect is the broadening of energy spread ∆E that leads 
to increased chromatic aberrations in the system. This can be utilized to directly 
measure the intensity of statistical e-e interactions in a system. To model the Boersch 
effect, a simplified condition is assumed: a small 1 nm by 1nm square electron source 
generates a pulsed beam with only 2 electrons per pulse; when adjacent pulses are 
separated by large distances such that there is no interference between pulses, the only 
e-e interaction happens between the two electrons in the same pulse. For this model, 
three peak currents (0.01 μA, 0.1 μA and 0.5 μA) are simulated and the results are 
plotted at a 45 kV acceleration voltage in Figure 3-2. In the simulation, the initial 
Figure 3-1 Demonstration of stochastic e-e interaction: Boersch effect (left) 
and Trajectory Displacement effect (right). 
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energy spread ∆E was set to 0.01 eV. The final electron position maps at the three 
currents are plotted in Figure 3-2(a1), (b1) and (c1) respectively, and the 
corresponding electron energy distribution at the image plane is plotted in Figure 3-2 
(a2), (b2) and (c2). 
 
Figure 3-2 Energy broadening induced from Boersch Effect: The electrons are 
generated from a 1 nm by 1 nm square with an initial energy spread of 0.01 eV and 
accelerated to 45 kV through a distance of 5 mm and observed at the image plane with 
distance 200 mm from the source. The spot blur and the energy spread is plotted in the 
upper and lower panel respectively.  At low current of 0.01 μA, the spot is under 
good focus and the shape of the initial source is reproduced (a1); final energy spread is 
close to the initial energy (a2). As the current increases to 0.5 μA, electrons randomly 
scatter on the image plane over 10 nm field of view (c1), the energy spread exhibits 
two characteristic side peaks around the center energy, which are about 2.2 eV from 
the center energy. 
In Figure 3-2, both spot blur and larger energy broadening were observed at 
higher currents. Especially for the final electron energy spread in Figure 3-2 (c2), the 
new two side lobes appear in symmetry to the central peak, which are shifted about 2.2 
eV from the center energy. This is characteristic of the Boersch effect: when two 
electrons interact along the longitudinal direction, one electron gains energy from the 
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other electron. The broadening of the energy spread will increase chromatic 
aberrations for any electron imaging system including PEEM. 
In the simplified situation in Figure 3-2, we have a 1nm×1nm square electron 
source as well as only 2X magnification, so the Coulomb force between two electrons 
is predominantly along the longitudinal direction (traveling direction), which directly 
modifies the energies of the electrons. It is known that the Coulomb force between two 




                            (3-1) 
where 𝑘𝑒 =    𝜀0⁄  (           
  𝑚2 −2)  is the Coulomb’s constant in 
vacuum, e is the charge of the electron (        −1    ), and d is the spacing 
between the electrons. If the spot blur is plotted versus the electron average spacing d, 
we could find the threshold where the random e-e interaction starts to deteriorate the 
resolution severely. The relationship between electron average spacing and spot blur 
was studied under the same simplified situation the same as Figure 3-2, where all the 
electrons are emitted from a 1 nm×1 nm square. The simulated results are plotted in 
Figure 3-3. It can be observed that when the average distance between two electrons is 
below 1 μm, the e-e interaction starts to severely increase the image blur. The results 
can be utilized as a reference to analyze image quality of experimental results. Once 
the source size, image magnification and beam current are known, it is straightforward 
to estimate the average distance between electrons in the experiments. Generally, 
electron density in the experiments should be controlled lower than 1 electron/μm3 to 
avoid excessive e-e interactions, which reveals the important universal threshold for 
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strong Coulomb interaction between electrons. After estimating the level of Coulomb 
interaction, the sources of total beam blur can be analyzed: either generated from the 
system’s aberrations or from the statistical e-e interactions. 
For any PEEM studies using ultra-fast pulsed laser, the Coulomb interaction is one 
of the most important factors affecting the performance and resolution. A few 
parameters in the PEEM system can be utilized to control the e-e interactions, 
including the laser pulse width, beam energy, as well as the beam limiting aperture 
(BLA). Rigorous electron optics simulations (IMAGE package from MEBS Ltd.) are 
used to discuss how these factors affect the resolution.   
 
Figure 3-3 The spot blur changing with peak current from an IMAGE simulation. The 
gun voltage is 45 kV, electrons are generated from a 1 nm × 1 nm square. The source 
size is small, therefore the average distance is the electron spacing in the longitudinal 
direction. Average electron spacing is plotted using secondary x axis on top (blue), 
and its relationship with the Coulomb force is plotted out by the blue dash curve. At a 
45 kV gun voltage, 0.01 μA peak current corresponds to 25.94 μm distance between 
two electrons, whereas 0.5 μA corresponds to smaller distance of 0.52 μm. 
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3.3  Statistical Coulomb Interaction Study for Different 
Laser Pulses 
The photoemission process on metal is a near instantaneous process. M. Schultze 
et al. reported their measurement of delay time for photoemission to be about 21 ± 5 
attoseconds using attosecond-streaking metrology [108]. That is the time delay from 
the point an electron absorbs photon energy to the moment an electron is emitted from 
the metal surface. The instant response time (21 attoseconds) of photoemission is 
much shorter than the laser pulse width (tens of femtoseconds to picoseconds) in most 
experiments using ultrafast lasers. It means the duration of photoemission is 
determined by the pulse duration of the incident laser beam. Therefore ultrafast pulsed 
laser sources together with photoemission electron microscopes are widely used to 
study temporal dynamics of samples [45, 47, 109-114]. One decisive issue using 
ultrafast pulsed laser in PEEM is that the laser pulse width directly determines the e-e 
interaction level thus affecting resolution of PEEM. In the laser system, the UV laser 
pulse can be tuned to three different pulse widths: 200 fs, 2 ps and around 200 ps. The 
200 fs and 2 ps laser pulses are directly generated by the Ti:sapphire mode-lock laser. 
The 200 ps laser pulse is produced by stretching the 200 fs laser using a UV pulse 
stretcher. Details of the laser system are described in Figure 2-15 of Chapter 2. 
Lasers with different pulse durations have different applications. For instance, a 200 
fs pulse has a high peak intensity to stimulate certain non-linear effects such as higher 
harmonic generation by nano-plasmonics devices [8, 115-118]. Furthermore the 
spectral line-width can be used for chirped laser pulse studies [113, 119-121]. Narrow 
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pulse widths are perfect for probing ultra-fast phenomena in the picosecond or 
femtosecond scale [45-47, 56, 58], however, as discussed in previous sections of this 
chapter, it can be predicted that the e-e interactions within a 200 fs pulse will severely 
limit the resolution. In contrast, a 2 ps laser pulse can have a lower peak power while 
having the same average optical power and a smaller line-width in the frequency 
domain. This is more suitable for experiments requiring spectral purity and is also 
better for reducing e-e interactions.  
For all the applications that can be realized by the PEEM with different laser pulses, 
it is important to quantitatively understand the level of random e-e interaction and try 
to suppress it, or at least avoid the domain where e-e interactions could corrupt useful 
information. The Ti:sapphire laser cavity was designed to have a pulse repetition rate 
of 76 MHz, which gives a 13.2 ns separation between adjacent pulses. The updated 
PEEM column has a total length of 987 mm. For an electron with an energy of 15 keV, 
the estimated travelling time is about 13.9 ns. For operation regions with higher 
electron energies than 15keV, there is maximally one pulse in the column at any given 
time. Therefore in our experiments, the e-e interaction only happens among electrons 
in the same pulse.  
IMAGE simulation package was employed to investigate the e-e interaction in 
PEEM. In the IMAGE simulation, the deviations of electrons’ positions at final image 
plane are calculated and plotted. From the deviation map, cumulative histogram is 
generated on both x axis and y axis. The “beam blur” in simulation is defined as 
25%~75% rising distance on the cumulative histogram. The blur represents the 
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averaged edge blur in the statistical window and it is demonstrated in Figure 3-4 
below. 
 
Figure 3-4 Beam blur defined as rising distance in cumulative histogram from the 
IMAGE simulation. The demonstration simulation was conducted using 45kV gun 




Figure 3-5 IMAGE simulation shows the beam blur from Coulomb interaction within 
each pulse at different number of electrons. The simulation was calculated for a 45 kV 
gun acceleration voltage, and the source size is 25 μm by 25 μm with a uniform 
electron intensity distribution 
Simulations were conducted to compare the e-e interaction at the three different 
pulse widths: 200 fs, 2 ps and 200 ps. The beam blur as it changes with the number of 
electrons in each pulse was simulated and plotted in Figure 3-5. From the simulation 
results, it can be understood that a 200 fs pulse leads to strong coulomb interactions 
which could degrade the image resolution even at only 2 electrons per pulse. In 
contrast, the e-e interaction in a 200 ps pulse is much lower than it in 200 fs pulse with 
the same number of electrons per pulse. Although the data was only obtained under 
specific initial conditions in simulations, it is still meaningful to estimate the level of 
e-e interaction caused by different laser pulse widths. For any PEEM experiments 
employing 200 fs or even shorter pulsed laser source, it is critical to operate at the 
minimal required current, such that only one electron exists in one pulse or else,  
spatial resolution will be sacrificed. The simulation’s prediction is an important 
guideline to choose the laser source for different experiments.  
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The simulation accuracy is verified by proper experimental calibration. The sample 
used for our system calibration and e-e interaction measurement is a CsBr 
photocathode. All the PEEM images captured for calibration purpose and presented 
within this chapter were obtained using a 257 nm UV laser (4.8 eV photon energy). 
The CsBr has a band-gap of 7.4 eV. However, when the material is illuminated by UV 
photons, the film is gradually modified and becomes Cs-rich on the surface. This Cs 
migration under UV illumination can lower the work function of photoemission for the 
CsBr surface. A high current density photoelectron source can be obtained using this 
method. Further details of a CsBr photoemission material are discussed by Z. Liu et al. 
[122, 123]. 
To study the e-e interaction at different laser pulses, PEEM images were obtained 
without the beam limiting aperture. Therefore, all the electrons generated from the 
image region are collected in the experiments. Laser power was adjusted with a 
continuous neutral density filter, and the average beam current on the YAG screen was 
monitored by a Keithley 427 current amplifier. For the same average current, electron 
beams with different pulse widths (200 fs, 2 ps and 200 ps) have different peak 
currents. At each pulse width, laser power was gradually increased to produce 
sufficient photoemission current for imaging. With the increased current, the lens 
conditions have to be carefully adjusted to re-focus the images to compensate the 
global space charge effect. For each preset current, the best images were recorded to 
measure the resolution of PEEM. In this way, the system’s performance was calibrated 




Figure 3-6 PEEM images at different currents and pulse widths. Images were taken at 
45 kV gun voltage. For average imaging current at 21 pA, input laser power was 10 
uW, while for 120 pA, the laser power was about 45 µW. It is clear the 200 fs is more 
sensitive to larger current due to high electron density in the single pulse. In all the 
images, round dot has a diameter of 500 nm, the line width for number “8” is 200 nm 
As mentioned, the pulse separation (13.2 ns for 76 MHz) is longer than the 
electron transmitting time in the column (9.6 ns for 30 kV gun voltage). The e-e 
interaction only happens within each pulse. At average current lower than 15 pA, there 
is less than 1 electron per pulse on average, leading to negligible e-e interaction. But as 
the imaging current increases higher, the image resolution deteriorates. Figure 3-6 
presents the imaging examples of three different pulse widths at the same 
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average-currents: 21 pA and 120 pA. For 200 ps pulse width, increased average 
current does not significantly decrease the image quality. In contrast, for images with 
200 fs pulse width, image resolution deteriorates severely with the increased current. . 
The CsBr calibration sample was fabricated using e-beam lithography with known 
feature dimensions. Same as simulation, we use 25%~75% criterions to evaluate the 
edge resolution. The edge resolution of the number “8” in images was used to calibrate 
the resolution of transmission PEEM, as shown in Figure 3-6. Figure 3-6 (a1) was 
chosen again in Figure 3-7, in order to show the best resolution obtained by the 
transmission PEEM. the left edge has a measured width of about 18 nm and the right 
edge about 21 nm wide.  
However, there are still a few problems affecting the accuracy of the resolution 
estimations. Firstly, the feature edge is not perfectly sharp. The width of the edge is 
largely determined by the quality of the e-beam lithography process. Inaccuracies in 
feature dimensions may introduce errors into the measurement. Additionally, the 
quality of the experimentally obtained image is largely determined by the operator’s 
skill and experience. Especially at lower currents, the difficulty in achieving perfect 
focus and stigmation largely determines the image quality. Moreover, a rigorous 
resolution measurement should take as many data points as possible over different 
regions of the sample. It is more meaningful to obtain statistical data instead of one 
specific measurement. This is in fact what was done to obtain the data in Figure 3-8.  
In Figure 3-8, experimental resolution at each data point is the average of multiple 
measurements. A good match between predictions based on the simulation and 
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experimental results was recorded. This plot is important to estimate the level of e-e 
interactions in various operation conditions. Also, we can see the best edge resolution 
obtained from experiments is about 18 nm at 200 ps pulse width. Some mismatches 
between simulation and experiments data are observed in Figure 3-8. This is because 
of the difficulty of precisely reproducing the real experimental condition in 
simulations. In experiments, the electron intensity distribution and initial emission 
angle will vary at different regions even in the same image. For example in Figure 3-7, 
bright spots have higher electron intensity comparing to dark areas on the sample, thus 
the e-e interaction could be stronger at bright spots; also the electron emission angle 
on the feature edge will be different from the flat region. These issues cannot be 
modeled in simulations right now. Nevertheless, the simulation is still a good 
prediction of the system resolution which can be used to guide many experimental 





Figure 3-7 Edge resolution measurement of one PEEM image. (a) is the same image 
as Figure 3-6 (a1), it was taken at 200 ps, 45 kV with average 1.6 electrons per pulse. 
The grayscale values of the points along red line are plotted in (b) as an illustration of 
resolution measurement. (b) shows the edge resolution measurement used 25%~75% 
criterion, edge resolution was measured to be about 18nm on the left side and 21 nm 
on the right side. The difference between two edges is expected due to the accuracy 




Figure 3-8 PEEM resolution curve with different laser sources. At current phase of the 
apparatus, the best resolution that is achievable in experiments is about 18 nm with 
200 ps pulse width. 
Besides carefully choosing pulse width and controlling imaging current to reduce 
the e-e interaction, other operation parameters can also be optimized to achieve better 
resolution. Multiple IMAGE simulations were performed to examine which section in 
the system is more vulnerable to e-e interaction. Observation planes were inserted at 
intermediate image planes after each projection lens. For each observation plane, the 
peak current was changed to imitate different levels of coulomb interaction. The data 
is summarized and plotted in Figure 3-9. It can be observed that e-e induced blur 
increased along the entire column. However, by comparing the e-e interaction at 
different intermediate image planes, it is clear that most of the e-e interaction happens 
at earlier stage in the column, i.e. in the gun and first lens region. Therefore, it is 
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beneficial to reduce the e-e interaction in the earlier stage in the column. One 
important approach is to use a higher gun acceleration voltage. Also, a beam limiting 
aperture (BLA) could be utilized to reduce the e-e interaction in the column. The 
effects of gun acceleration voltage and beam limiting aperture are discussed in 
following sections in this chapter. 
 
 
Figure 3-9 e-e interaction induced blur at different positions in the column. The 
simulation results suggest most of the Coulomb interaction happens in the gun and 
first lens. Each time the electron passes through the crossover plane of the lens, the e-e 
induced blur increase. Controlling the peak current to be less than 0.75 μA will be 




3.4  Resolution Influence of Gun Acceleration Voltage 
Besides the laser pulse width, another important parameter affecting e-e interaction 
is the gun voltage. After photo-electrons are excited by incident photons, they are 
accelerated to around 30~50 keV energy inside the gun region. It is known that higher 
acceleration voltage will help to increase resolution in many aspects. Here we will try 
to quantify these influences using the electron optics simulations.  
When the e-e interaction is negligible at low imaging current, higher acceleration 
voltages can improve the image quality by producing both a smaller diffraction spot 
size and decreased chromatic aberrations. Figure 3-10 presents the calculated 
resolution at 45 kV and 30 kV respectively. With increased kinetic energy, the de 
Broglie wavelength of electron decreases from 7.1 pm at 30 keV to 5.9 pm at 45 keV, 
which produces a smaller diffraction spot on the image plane. Also, since the 
chromatic aberration is proportional to 𝛼∆  ⁄ , a higher beam energy E will 
effectively decrease chromatic aberration, where α is the half angle of the focused 
beam and ∆  is the energy spread and E is total beam energy. In Figure 3-10, 
OPTICS simulation shows optimal resolution is improved from about 20 nm at 30 keV 
to about 17 nm at 45 keV. The electron deviation maps from IMAGE simulation are 




Figure 3-10 Resolution change with gun voltages at 30 kV and 45 kV. At higher 
energy, both the diffraction spot and the chromatic aberration are reduced, leading to a 
better over-all resolution from the system. Simulation data was obtained from 
OPTICS, energy spread was set as 2 eV. 
 
Figure 3-11 Total spot blur plot on the final image plane for different gun energy. The 
field of view is 15 μm, and the blur spot was plotted with rise distance criterion of 
25%-75%. The peak current was 0.3 µA with 10 µm by 10 µm square source. The 
total blur in the center area from 30 kV to 45 kV are 240.2 nm, 163.4 nm, 84.2 nm and 
31.8 nm.  
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When statistical Coulomb interactions are non-negligible, higher acceleration 
voltages will again reduce the blur introduced by random e-e interaction. With higher 
energy, electrons travel faster in the column which decreases their interaction time, 
which could compensate some of the negative influence introduced by Boersch effect. 
The image blur at 4 different beam energies was simulated using IMAGE software and 
plotted in Figure 3-11. The total image blur was reduced from 240.2 nm to 31.8 nm 
when the beam energy was changed from 30 keV to 45 keV.  
Apart from the benefits of less chromatic aberration and reduced e-e interaction, 
there are many other merits of using higher acceleration voltage for the gun. A higher 
energy beam is less sensitive to electromagnetic interference (EMI) from the 
environment, which is critical for obtaining sub-30nm resolution. Also, higher electron 
beam energy result in higher electron-to-light conversion efficiency at the scintillation 
screen. It improves yield of light signals at the scintillator and allows for  easier 
adjustment of lens focus and beam alignment by the operator. Corresponding to 
simulation results from Figure 3-11 and Figure 3-12 show the experimental PEEM 
images obtained at different beam energies. Although all the images in Figure 3-12 has 
the blur cause by e-e interaction, a clear improvement of edge resolution can still be 




Figure 3-12 PEEM images at different gun voltage. The images were taken with 257 
nm UV laser of 200 fs pulse width. The measured average current for these images 
were 65 pA to 75 pA, corresponding to a peak current of 5 µA for 200 fs pulse and an 
average of around 5 electrons per pulse. The round dot in the image has 500 nm 
diameter, and the linewidth for number “2” is 200 nm.  
 
To conclude, higher electron energy has many merits for the system performance: 
reduced chromatic aberration, smaller diffraction spot size and less e-e interaction. 
Higher energy electrons are also less sensitive to EMI and will produce better signal 
on scintillator screen. However, practically we could not increase the acceleration 
voltage above the engineering limits. Any state-of-art gun design cannot exceed 
10kV/mm field strength, beyond which the electrical field will break the insulating 
layer between electrodes and cause high leakage current. In the transmission PEEM, 
the gap between cathode and anode is 5mm, which sets the highest operation voltage 
to be 50 kV. In experiments, the gun vacuum and sample roughness will also affect the 
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level of leakage current at high voltage. In this work, most of the experiments were 
conducted at 45 kV. Higher voltage than 45 kV will accompany the risks of accidental 
arcing that could burn thin membrane samples. 
 
3.5  Effects of Beam Limiting Aperture 
The beam limiting aperture (BLA) has two important functions in most electron 
based microscopies. First, it controls the energy and angles of electrons that can pass 
through the aperture. Second, the BLA reduces the imaging current and thus controls 
the e-e interaction in the column. The BLA is an extremely useful tool in the column 
to improve the system resolution. As mentioned in Chapter 2, the non-immersion 
objective lens was chosen in the column so that the benefits of BLA can be utilized. In 
the transmission PEEM, the distance between BLA and cathode surface is about 128 
mm. At this location, we could use the non-immersion objective lens to obtain an 
image plane before the second lens while placing the back focal plane (BFP or 
crossover plane) near to the aperture. 
When the aperture is not inserted into the beam path, all the photoelectrons 
generated by the sample enter the magnification column. In this mode, different lens 
configurations do not affect the resolution too much since these configurations have 
similar aberration coefficients as was discussed in Chapter 2. In the magnification 
mode, each projection lens will form a BFP and an image plane before the next lens. 
The electrons will travel across the axis and get close to each other at the crossover 
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position. To reduce the e-e interaction along the column, it is advisable to operate at 
best magnification of each lens. By magnifying the image in the earlier stage of the 
column, the average electron-electron distance is increased during travelling.  
When the BLA is used in the column, the excitation current of the objective lens 
needs to be carefully adjusted, since the BFP position is shifted near the aperture 
position by changing the focus strength of objective lens. The position of BLA and 
BFP of the objective lens will not modify the aberration parameters of the system 
separately. However, the relative position between BLA and BFP influence the image 
quality by filtering unwanted electrons with higher emission angles, larger off-axis 
position or different energies.  
Figure 3-13 is a simple demonstration of how the BLA filter different electrons. 
In Figure 3-13 (a), the BLA is placed at the BFP of focusing lens, and it blocks the 
electrons emitted from higher angle. This leads to reduced blur introduced by spherical 
aberration, coma, astigmatism and any other aberrations which  induced from higher 
emission angles. In contrast, when the BLA is placed away from the BFP, the BLA 
filters both angular and spatial information. In Figure 3-13 (b), where the BLA is 
placed after the BFP, it blocks the principle beam parallel to optical axis from the 
off-axis point (the red ray from the round dot). Instead, it lets some higher angle 
beams pass through (the blue ray from the round dot). This usually leads to resolution 
degradation at off-axis positions. Moreover, in Figure 3-13(c), when the BLA is 
placed before the BFP, it blocks most of the off-axis beam. This situation usually 
causes limited field of view or vignetting in the final image. In practice, we could not 
66 
 
change the physical position of the BLA along the column axis. However, by adjusting 
the excitation current of objective lens, modification of the relative position between 
the fixed BLA and the changeable BFP of the objective lens can be achieved. 
 
Figure 3-13 Demonstration of beam limiting aperture: the relative position between 
back focal plane and aperture plane. (a) aperture at back focal plane (b) aperture after 
the back focal plane; (c) aperture before back focal plane. 
In the analysis of the BLA and BFP it is more complicated to consider other 
aberration coefficients like coma (proportional to 2r), off-axis chromatic 
(proportional to rV/V), field curvature (proportional to r2) and astigmatism 
(proportional to r2). In this thesis, OPTICS simulation package was used to model the 
column with a BLA. The effects of relative position between BLA and BFP were 





Figure 3-14 Off-axis aberration reduced by BLA. Aberration coefficient changes with 
the position of the back focal plane (BFP). When the BFP is placed after the BLA, the 
off-axis aberrations could be reduced. In this situation, chromatic aberration is the 
dominant factor attributing to the image blur. The OPTICS simulation has 45 kV gun 
voltage, 50 μm source size and 50 mrad initial angle. The diffraction spot (5.2 nm in 
this simulation) was neglected in this plot. 
In Figure 3-14, the OPTICS package was employed to study the image properties 
with a BLA at 128 mm away from the sample plane. In the simulation, the source size 
is 50 µm by 50 µm, the initial beam angle is 100 mrad, and the energy spread E is 2 
eV. The image resolution was examined at different BFP positions of the objective 
lens. When the BFP is placed after the BLA, all the off-axis aberrations were reduced 
by the aperture: including coma, field curvature, astigmatism and distortion. 
Consequently, the total blur is slightly reduced as the BFP moves away from the BLA 
position (128 mm). At this condition, most of the blur is contributed by the chromatic 
aberration. In contrast, when the BFP is placed before the BLA, the off-axis beam is 
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dominating because the aperture selects the higher angle beam from the off-axis 
positions (also see the explanation in Figure 3-13(b)). This is the situation that should 
be avoided in real imaging operation. 
Besides the benefit of reduced aberrations, the beam limiting aperture (BLA) is 
also useful to reducing imaging current when the stochastic e-e interaction is affecting 
the system performance. The BLA reduces the coulomb interactions by two means. 
First, it reduces the total beam current and decreases the electron density in the 
subsequent region, especially when the back focal plane (BFP) is placed after the BLA. 
Furthermore, because of the statistical Coulomb interaction, there are unwanted 
electrons with either shifted positions or modified energies before the BLA, part of 
which are also removed by the BLA. 
In the column configuration, the first projection lens (the second lens in the 
column) after the aperture is located 211 mm away from the sample plane. The 
objective lens (the first lens in the column) should form an image plane before the first 
projection lens. Three image planes before the first projection lens were chosen to 
evaluate how the BLA decrease the e-e interactions using the IMAGE simulation 
package. In the simulation studies presented in Figure 3-15, the three image planes 
were chosen to be at 160 mm, 180 mm and 200 mm away from the sample plane. 
They correspond to the BFP position at 120 mm, 128.7 mm and 136 mm respectively. 
A BLA with a diameter of 50 μm is placed at 128 mm in the simulation. Table 3-1 
summarizes the average number of electrons blocked by the aperture in three different 
situations. A previous conclusion is directly observed: putting BFP after the BLA will 
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cut off more electrons at the aperture plane. This explains why putting BFP at 136 mm 
could lead to a smaller e-e interaction comparing to other two focus conditions, shown 




2                       (3-2) 
where 𝑑𝑇 is the total blur from simulation and 𝑑0 is the blur when e-e interaction 
is turned-off in the simulation. In Figure 3-15, the blur caused by e-e interaction with 
and without the BLA is plotted together to demonstrate its effects. The corresponding 
experimental observation of this phenomenon is also presented in Figure 3-16. 
 








the image plane 
120 mm 50000 10040 39060 
129 mm 50000 19050 30950 
136 mm 50000 24780 25220 







Figure 3-15 IMAGE simulation of reduced e-e interaction by a 50 μm beam limiting 
aperture at 129 mm. The e-e induced blurs were simulated at three different back focal 
planes (BFP) of the objective lens. The field spot blur comparing the effect of BLA are 
results from simulation of 1.5 μA current and BLA at 129 mm. The e-e introduced blur 
for the situation without BLA is very similar for three different BFP positions. When 
BLA is used, the absolute reduction of e-e interaction is larger for the BFP at 136 mm.  
Above discussion proves the effectiveness of BLA for decreasing the statistical 
e-e interactions. However it cannot completely compensate for the blur caused in the 
acceleration region. The best way to eliminate e-e interaction is always decreasing the 
total imaging current, as long as the image signal is enough for operation. In 
experiments, the imaging current should be enough (usually above 20 pA) for the 
operator to adjust the focus and alignment. Also, the acquisition time of one image 





Figure 3-16 PEEM images to show the improved resolution with the beam limiting 
aperture (BLA). Images were obtained using 200fs UV laser at 45kV gun voltage, and 
the objective lens current was adjusted so that the back focal plane (BFP) was placed 
at 136mm away from sample. The BLA could reduce the e-e interactions in the 
magnification column. 
3.6  Chapter Summary 
In this chapter, the transmission PEEM was calibrated and optimized to obtain 
best resolution for different pulse widths. Acceleration voltage and the beam limiting 
aperture were studied and discussed for both aberration and e-e interaction. It was 
concluded that the beam limiting aperture will enhance the resolution and the 
excitation current of objective lens should be adjusted to properly utilize BLA.  
Statistical e-e interactions were studied by IMAGE simulations and verified by 
corresponding PEEM experiments. All the simulations suggest the peak current should 
not exceed 0.5 μA, beyond which the e-e interaction will dominate over optical 
aberrations and ruin the resolution. Suggestions were also given to provide a guideline 
for PEEM operators on how to improve the system performance. Finally, we had 
obtained about 18 nm edge resolution using 45 kV, 200 ps laser pulses in the system, 




Chapter 4.  Plasmonic Device Fabrication – 
Nanoscale Structuring with a Helium Ion 
Microscope 
4.1  Introduction  
The fabrication of metallic nanostructures with suitable characteristics to assess the 
proposed contrast mechanisms represented a formidable obstacle to the work.  This 
requirement was solved by developing a new fabrication process based on direct 
material modification and pattering of metal membranes with a Helium Ion 
Microscope (HIM).  We detail the most significant findings related to the device 
requirements.  Specifically, we detail the issues related to the metal selection and 
preparation for the imaging requirements, including degradation of milling fidelity on 
polycrystalline samples and the influence of sub-surface helium implantation on 
optical substrates.  The limitations encountered with this new fabrication process are 
highlighted, and how they can be overcome to provide device structures exceeding the 
requirements. This demonstrated approach can be used to fabricate plasmonic devices 
with critical dimensions as small as 5nm in single crystal gold platelets, although the 
final structures employed for the imaging studies were patterned on free standing 
aluminum films (80nm thick) with critical dimensions of 40 nm. We also provide 
details of exemplary plasmonic structures employed later in the imaging tests. 
Practical issues such as instrument modifications to provide stable manipulation and 
imaging of these samples are also detailed. 
73 
 
4.2  Sub-10nm Direct Patterning with the HIM  
The traditional approach to direct patterning of metallic nanostructures has been 
the focused gallium ion beam [124-126]. However, there are several shortcomings 
with this approach which limit its applicability to the device requirements. For 
example, while the probe size of the focused gallium beam is relatively small (<10nm), 
the Ga+ beam profile features low intensity tails of larger diameter, whose interactions 
with the feature’s edge prevents the fabrication of complex geometries with features of 
40nm or less [124, 127-129]. Furthermore, gallium beam milling introduces gallium 
contamination through implantation on the sample surface, which is known to shift the 
optical characteristics of metal structures [130-132]. Attempts to mitigate the 
deleterious effects of the probe tails by using a sacrificial protective layer to absorb the 
damage has had some success, but remains limited to a narrow range of devices and 
material configurations and requires additional processing steps if the sacrificial layer 
must be removed [130, 132]. For the device requirements, the performance of Ga+ 
focused ion beam systems is insufficient, other than usage for comparative studies. 
To overcome these shortcomings, a method based on a focused Helium Ion Beam 
(ZEISS, ORION or HIM) was developed, which enables direct patterning of sub-10nm 
features on thin metal films[133-137]. A detailed description of the HIM technology is 
beyond the scope of this dissertation and covered elsewhere; however the key features 
of the HIM are summarized for reference [168-172].  
The enabling technology for the HIM is the ion source, based on an atomically 
sharp tungsten tip with a well-controlled and stable crystal structure [138-140]. The 
74 
 
atomically sharp tip consists of three atoms (a trimer structure) at the apex of a single 
crystal pyramid. During operation the tip is biased to approximately +40kV, creating a 
strong electric field enhancement at the tip, as high as 4.4 V/ Å. This locally enhanced 
field is strong enough to field ionize helium atoms in close proximity (atomic 
dimensions) to the trimer, each atom forming a distinct ion beam. The helium ions are 
then accelerated by the electrical field down to the column, where conventional 
electrostatic lenses are used to form a sub-nm probe beam on the sample surface. 
During imaging, ions from the three atoms are present, but only one of these atoms is 
aligned to the optical axis (defined by a beam limiting aperture) of the column. The 
current from other two atoms are cropped by the beam limiting aperture prior to the 





SrV) and low energy spread (<1eV) [140]. These properties 
make it possible to form a sub-nm probe (~0.35 nm) on the sample with negligible 
beam tail and allows the fabrication of exceptionally small features (< 5nm). Moreover, 
there is no contamination of the sample surface from implantation, so the metal’s 
optical properties remain unperturbed. 
The HIM is configured with the Nanometer Pattern Generation System (NPGS) for 
precise control of helium ion beam. The NPGS system controls the beam placement 
through electronic steering and enables synchronized high speed blanking, so that 
arbitrary patterns can be written directly. The area dose, dwell time, center to center 
distance as well as raster sequence can be defined by user to change milling strategies 
for experiments. The optimal parameters vary for different materials and device 
75 
 
structures and must be determined experimentally. 
To illustrate the improvement in pattern fidelity and accessible dimensions, 
compared to conventional Ga+ FIB techniques, Figure 4-1 compares the dimensions 
accessible by both approaches. All structures were fabricated on a free standing, single 
crystal gold film (<100nm thick).  
 
 
Figure 4-1 Micrograph comparing dimensions accessible with Focused Gallium ion 
beam (FIB) and Helium Ion beam (HIM) on a single crystal gold film. a) The SEM 
image of a 2
nd
 order Hilbert aperture fabricated using Ga
+
 FIB shows typical 
dimensions reachable using conventional FIB, usually larger than 50nm; b) and c) 2
nd
 
order Hilbert fractal structures with much smaller critical dimension (CD), which were 




4.3  Sub-Wavelength Apertures  
Metallic nanostructures, resonant at optical frequencies, provide controlled 
enhancement and concentration of electromagnetic energy in the near-field. This broad 
class of devices includes both optical antennae and sub-wavelength optical apertures; 
together they represent one of the most attractive classes of devices for the imaging 
approach. While the PEEM is well suited to imaging both antennas and apertures, the 
investigations initially concentrate on sub-wavelength aperture geometries because of 
the greater synergy with our HIM based fabrication techniques. Additionally, the 
ability to image optical apertures is unique to the PEEM system and therefore their 
investigation promises the greatest impact. 
Non-resonant sub-wavelength apertures transmit light with very low efficiency, 
caused by the poor coupling of sub-wavelength holes to radiative electromagnetic 
modes. The magnitude of transmitted light through a hole with diameter d on the 
opaque plane scales with (d/λ)4 , where λ is the wavelength, Bethe [141]. However, on 
metallic films with finite thickness, extraordinary transmission efficiency can be 
engineered [142-144]. Multiple physical processes, including plasmonic resonance, 
Fabry-Perot resonance, waveguide mode resonance, are possible methods to achieve 
extraordinary transmission in sub-wavelength metallic apertures. Detailed reviews of 
different aperture structures with mathematical modeling can be found elsewhere [143, 
144]. Due to its extraordinary optical transmission and ability to concentrate optical 
fields smaller than the wavelength, sub-wavelength apertures have triggered 
significant research activity [142-147]. Diverse structures such as periodic hole-arrays, 
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bull-eye aperture as well as C-shape apertures have been widely employed to enhance 
light transmission with applications in optical sensing, light sorting and high density 
optical data storage, to name a few [125, 126, 148-154].  
 
4.3.1  Sub-wavelength Apertures of Fractal Geometry  
While not limited to a particular geometry, the initial investigations concentrate on a 
class of sub-wavelength apertures, whose geometry can be made to arbitrary 
complexity through iterative rules which scale at fractal dimensions. A fractal structure 
is self-similar on different scales, constructed from a basic pattern and reproduced to 
higher order following specific rules. One such geometry, the Hilbert fractal structure 
is shown in Figure 4-2. From the base structure, the 2
nd 
order Hilbert curve (Blue) can 
be constructed by replacing the straight lines of the C curve (Red) with C shape again. 
The high order iterations can be constructed in the same way. In communication 
research, fractal geometries are widely employed in designing antennas for their 
advantages on spectrum broadening [155, 156]. Usually, fractal antennas exhibit 
multiple resonances due to their self-repetition patterns, and consequently have 
complex field distributions. Prior work extended fractal antenna studies to the optical 
region with simulations, but fabrication and characterization at the dimensions typical 
of these structures has remained an obstacle [157]. Their simulation results identified 
several different fractal aperture geometries, each with multiple transmission 
resonances. Other researchers also investigated fractal structures as near field apertures 
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and optical antennas [158-161]. However, expanding the same concept to optical 
region significantly increases the fabrication difficulty due to the extremely small 
critical dimensions of basic elements.  
 
Figure 4-2 Hilbert fractal geometries for the first three orders. The red curve denotes 
the first order Hilbert structure (C curve), the blue curve represent the second order 
iteration and the third order is shown in black. 
 
4.4  HIM Patterning of Polycrystalline Metal Films 
   Polycrystalline metallic films can be prepared with a broad range of deposition 
techniques, thus easily available for many metals of interest for our studies. However, 
the initial investigations have revealed interactions which can influence the pattern 
fidelity at dimensions smaller than 30nm. These studies suggested preferential etching 
of the polycrystalline grains, most likely the result of channeling, differential sputter 
yields on different grain orientations, and enhanced scattering at the grain boundaries, 
Figure 4-3. Patterns with 40nm features and above can be reliably transferred to the 
membrane, but the influence of the grain interactions and subsequent pattern 
deterioration increases as the feature size decrease, Figure 4-4. While not 
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insurmountable, polycrystalline films represent a challenge to maintaining consistent 
and precise patterning at dimensions below 30nm linewidth. We have explored 
solutions to overcome the challenges associated with these beam/material interactions, 
such as optimizing deposition techniques to provide metal films with grain sizes larger 
than the desired pattern and registering the pattern to avoid overlap with grain 
boundaries. This approach has proven successful for some materials, but requires 
optimization of the deposition parameters for each material system.  
 
 
Figure 4-3 The STEM image of the 2
nd
 order Hilbert cut with 30nm linewidth. a) the 




Figure 4-4 STEM image of 2
nd
 order Hilbert Fractal apertures patterned by the HIM 
on a 60 nm thin polycrystalline Aluminum film. Scaled critical dimensions are: A) 




4.5  HIM Patterning of Single Crystal Metal Films  
  To avoid the influence of the grain orientation and grain boundaries on the 
patterns, the investigations have been extended to single crystal gold platelets. By 
employing single crystal metal films, a more accurate assessment of the HIM’s 
fundamental limits to patterning is possible. 
 
Figure 4-5 Fine patterns in single crystal gold platelets. The gold platelets (~100 nm 
thick) were dispersed on a conductive coated TEM grid (main figure). Many of the 
challenges encountered with the polycrystalline films were eliminated with this 
approach, and optically-active devices as small as 10 nm critical dimensions have been 
fabricated and measured. Three devices are shown (inset figures) 30 nm, 20 nm and 10 
nm critical dimensions. The three inset figures are all at the same scales. 
 For these studies in Figure 4-5, chemically synthesized single crystal gold platelets 
(~100nm thick) were used (provided by our collaborator). The platelets were dispersed 
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onto a commercially available TEM supporting membrane, which has a dense array of 
2.5 micron through holes. The gold platelets are typically close to hexagonal shape and 
can vary in lateral dimensions from 20 microns to a hundred microns or more. By 
removing the influence of the grain boundaries, devices with much smaller features 
can be reliably patterned; achieving 10nm dimensions is routine, and features as small 
as 5nm can be achieved with an optimized writing strategy, Figure 4-5.  
 
4.6  Substrate Effects 
The interactions of the helium ions with the substrate must also be carefully 
considered for the sample and device requirements, particularly when a large total 




). The substrate effect results from 
the accumulation of implanted helium ions at the ion’s terminal range within the 
sample. As the helium ions penetrate the sample surface, they rapidly lose energy 
through a range of collision processes, ultimately resting hundreds of nanometers 
beneath the surface (for typical beam energies within the operational range of the HIM 
e.g. ~30-40 keV). At high fluences (at least two orders of magnitude higher than those 
used for imaging, but typical of nanoscale patterning) the accumulation of helium can 
become appreciable at the end of range, displacing large volumes of native atoms to 
form nanoscale helium bubbles. With continued irradiation, the individual nano-scale 
bubbles aggregate to an expanding, pressurized volume on the size scale of the ion 
straggle, Figure 4-6. The magnitude of this effect is also material dependent, 
depending on the diffusivity of the helium atoms within the material. The substrate 
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effect is most pronounced in Silicon, where the diffusivity of helium is very small.  
 
 
Figure 4-6 Substrate effect and resultant pattern degradation on 60 nm thick 
aluminum films deposited over for different substrate materials - a) Silicon, b) 
Sapphire and c) Quartz. This effect is most pronounced on Si, where the He diffusivity 
is the smallest. 
For free standing membranes thinner than the ion’s range at a particular energy, this 
effect can be ignored. In Figure 4-7, a comparison of ion beam trajectory is made for 
two cases: 1) trajectory through a 60nm thick aluminum film deposited on a 15nm 
Si3N4 TEM membrane and 2) trajectory through the same aluminum film on an optical 
substrate (sapphire). Since the combined film thickness of the Si3N4 and metal film is 
smaller than the ion beam range, majority of the helium atoms completely penetrates 
the sample. No substrate deformation will exist on samples which meet these criteria. 





Figure 4-7 40keV helium ion beam trajectories in two samples. Left, 60nm aluminium 
film on a sapphire substrate. Right, 60nm aluminium film on a 15nm Si3N4 membrane. 
 
4.7  Discussion and Material Selection  
Sections 4.4-4.6 have highlighted several unique beam/sample interactions 
characteristic of the helium ion microscope. These interactions must be understood 
and considered for specific material and device requirements. However, none of these 
interactions represent an insurmountable obstacle to extremely high resolution device 
fabrication in any material system; indeed, we have developed a variety of techniques 
that can be employed to mitigate each effect, although a detailed review of these 
techniques is beyond the scope of this dissertation. In the context of the requirements 
for PEEM imaging, the selection of the first material system to demonstrate the 
imaging system was determined by other factors of a practical nature, and do not 
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exclude future studies the other material systems.  
The material selection ultimately consisted of a deliberate compromise to assure 
the most expeditious testing of the PEEM contrast mechanisms. For example, in terms 
of patterning fidelity, the exceptional performance achieved with the single crystal 
gold platelets might suggest their adoption. However, gold does not support surface 
plasmon polaritons or optical resonances at photon energies above the material’s work 
function. Generation of photoelectrons for our predicted contrast mechanism can be 
achieved in gold via multi-photon absorption and would reveal the localized hot spots 
nicely. However, the contrast from the surface plasmon propagation at the fundamental 
would remain inaccessible. It would also require a rework of the light optical 
illumination path to accommodate the longer wavelength. Silver shares similar 
constraints as gold with respect to photoemission, but does not benefit from the 
improved patterning achievable with single crystals. In both materials, the work 
function could be lowered prior to imaging with the PEEM by cesiation of the surface, 
but again a reconfiguration of the light optics would be required and accurate control 
of the cesium dosing entails additional technical constraints. Single crystal aluminum 
films are attractive because they are one of only two metals that support surface 
plasmons at energies significantly above their work function (the other being 
magnesium). Single crystal aluminum films (or films with very large crystal domains 
greater than a few microns) can be grown on appropriate substrates, but access to a 
deposition system with a suitable high temperature stage was problematic. 
Additionally, single crystal aluminum films would require an optical substrate such as 
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sapphire, and additional development would be required to optimize the writing 
strategy to avoid the subsurface effects.  
None of these issues are insurmountable, and future efforts will likely include the 
above materials and approaches. However, for the initial studies polycrystalline 
aluminum films deposited on a thin silicon nitride TEM membrane are selected. This 
selection completely avoided issues related to the substrate effect and had an 
additional benefit that we could perform a comparison between two imaging 
techniques on the same sample (PEEM and EELS). The compromise we must accept 
with this selection is the limited the patterning fidelity to dimension larger than 
30-40nm, due to the grain interactions. The choice of aluminum also raised a number 
of issues related its extreme reactivity and propensity to form an oxide layer almost 
instantly, in every environment other than UHV. Since the patterning must be 
performed within the HIM vacuum chamber, with a base pressure of 1×10
-7
 torr, oxide 
formation was inevitable, thus the influence of the oxide on the photoemissive 
properties must be considered. This concern is addressed below. 
 
4.8   Oxide Influence 
   The photoemission process of metals is modified by the existence of oxide 
[162-165]. In the case of Al-Al2O3 system, a photo-excited electron inside aluminium 
must travel through Al-Al2O3 interface and overcome energy barrier between two 
layers, and then it is transported to the surface of Al2O3. If the electron has sufficient 
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energy to overcome the electron affinity of Al2O3, it can be emitted into the vacuum 
where collection and imaging is possible. Due to the additional transport and oxide 
barrier, the photoemission yield will decrease due to the presence of the oxide. 
4.8.1  Oxide Influence on Photoemissive Properties: Al-Al2O3 Film 
   Previous work has shown photoemission is possible from the Al-Al2O3 using UV 
photon energies [162-164]. The process is summarized with the aid of the energy 
bandgap diagram of Al-Al2O3 interface, Figure 4-8.  
Inside aluminum, a photon-excited electron will have a probability 𝑃𝑚(𝑧) of 
reaching the Al-Al2O3 interface: 
𝑃𝑚(𝑧) =  𝑚 𝑥𝑝 ( 𝑧 𝐿𝑚⁄ )                    (4-1) 
Where the z is photoelectron generation distance from the interface, Lm is the 
electron inelastic scatter length in metal; Cm is a constant which can be calibrated with 
experimental data. In J.G. Endriz and W.E. Spicer’s work [49, 50], the value of Cm was 
found to be approximately 0.5. Similar to metal, the escape possibility in Al2O3 can be 
expressed as:  
𝑃𝑜(𝑑) =  𝑜 𝑥𝑝 ( 𝑑 𝐿𝑜⁄ )                    (4-2) 
Where d is the thickness of oxide layer, 𝐿𝑜 is the electron inelastic scatter length 
inside Al2O3. With the transfer probability from aluminium to oxide expressed as Pt, 
and total escape possibility P(z, d) from aluminium to vacuum is: 
𝑃(𝑧, 𝑑) = 𝑃𝑚(𝑧) ∗ 𝑃𝑡 ∗ 𝑃𝑜(𝑑) =  𝑚 𝑜𝑃𝑡  𝑥𝑝 ( 𝑧 𝐿𝑚⁄ ) 𝑥𝑝 ( 𝑑 𝐿𝑜⁄ )      (4-3) 
The values of the inelastic mean free path 𝐿𝑚 and 𝐿𝑜 in two regions depend on 
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the electron energy. Accurate calculation of P(z, d) requires integration over the energy 
spread of electrons. For our estimations, we simplify the analysis by using a fixed 
energy.  
 
Figure 4-8 Energy diagram for photoemission at Al-Al2O3 surface. The electrons in 
the aluminum, excited by the incident photon (4.8eV for wavelength at 257nm), it 
must overcome the energy barriers between Al and Al2O3 and electron affinity of 
Al2O3, which are expressed using Φ and Ea respectively. The initial energy of 
photoelectron is Ei =4.8-(Φ+Ea+ ∆Em+ ∆Eo). The ∆Em and ∆Eo represents the 
energy loss for traveling in metal and oxide layer, respectively. Both ∆Em and ∆Eo are 
related to the inelastic mean free path (IMFP) in each region. Usually Φ=2eV, Ea=1eV, 
when only elastic scattering happens during active electrons traveling throuth Al and 
Al2O3 layers, ∆Em and ∆Eo will be zero, so the maximum energy of photoelectron is 
approximately 1.8eV in our experiments. 
 
The energy barrier Φ between Al and oxide is reported to be 2eV ±0.7eV, while 
the measured value varies in experiments due to different crystalline structures for the 
two layers. If we take Φ=2eV, the maximum energy of photoelectron  e = ℎ𝜈  (Φ +
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 a) is 1.8eV. For an initial energy of a photoelectron of 4.8eV, the mean free path in 
aluminium was reported to be about 4.2nm [163, 166] . Also the mean free path in 
Al2O3 was found to be 2.8nm with 250nm UV photoemission study on Al in air [164]. 
This enables an estimated escape probability for electrons at different oxide thickness, 
Figure 4-9.  
 
Figure 4-9 Qualitative escape probability of photoelectrons generated at different 
distance to the oxide interface. The probability is normalized to the transfer probability 
from Al to Al2O3.  
The escape probability in Figure 4-9 is qualitative, but indicates the general 
behavior. With this photoemission process (volume photoemission), the more 
concentrated the optical energy is at the emission surface, the greater the 
photoemission yield, as there is reduced probabilities of scattering through the material 
(and subsequent energy loss). This fact favors the photoemission from surface 
plasmons, because most of the optical energy of these fields is at the surface, thus 
minimizing the energy loss processes inherent in the transport through the metal. The 
89 
 
escape probability with the presence of surface plasmons is analyzed in following 
section. In addition, the oxide’s influence on the optical characteristics of aluminium is 
also discussed.  
4.8.2  Oxide influence on Surface Plasmon Characteristics:  
Al-Al2O3-Vacuum Interface 
Surface plasmons are sensitive to dielectric environments, which provide the 
possibility for many applications like optical sensors. It is not surprising the presence 
of oxide layer will also change the surface plasmon resonance in the experiments. C. J. 
Powell and J. B. Swan [167] reported the characteristic surface plasmon peak loss in 
electron energy loss spectra on aluminium and magnesium shift with the oxidation. 
The Characteristic surface plasmon frequency, as expressed in equation (4-4), had a 
shift from 10.3eV to 7.1eV when oxide grows on the surface. 
𝜔𝑠𝑝 =
  
√1   
                          (4-4) 
In equation (5-4), 𝜔𝑝 is volume plasma frequency for metal in free electron gas 
model, it is determined by the free electron density in metal, an accurate 
approximation for aluminum at the photon energies under investigation. 𝜀𝑑 is the 
dielectric permittivity of the interface. For metal-vacuum interface, surface plasmon 
frequency is 𝜔𝑠𝑝 =
  
√2
, which correspond to 10.3eV for aluminium. For 
metal-oxide-vacuum interface, oxide layer modifies the dielectric environment and 
produces an effective dielectric permittivity 𝜀𝑒𝑓𝑓.  
Modeling of 𝜀𝑒𝑓𝑓 is affected by the optical constant of oxide layer, thickness and 
90 
 
SP frequency. Instead, directly measurements from experiments can also be used to 
estimate the value of 𝜀𝑒𝑓𝑓. R. B. Pettit et al. [168] reported their measurements of 
surface plasmon dispersion curve on Al-Al2O3-Vacuum interface. Using a 
monochromatic Wien filter, they improved the measurements accuracy of the angular 
electron energy loss measurement to be around 𝑘       𝑐𝑚−1, which corresponds 
to wavelength resolution of 10nm near 4.8eV energy. The data from their experiments 
has been re-plotted in Figure 4-10 (dots).  
 
 
Figure 4-10 Dispersion relationship of SPP. The solid line is dispersion curve of SPP 
on Al-vacuum interface, the metal dielectric constants were taken from Palik [169] . 
The black dots are direct measurements of K value using angular electron energy loss 
spectroscopy on Al-Al2O3- vacuum interface, R. B. Pettit [168]. At 4.8eV, propagation 
constant of SPs has a value of 𝑘2 =         
 𝑐𝑚−1with presence of oxide, which 
corresponds to a SPs wavelength of 203.4nm. 
From Figure 4-10, we can estimate the characteristic surface plasmon frequency has 
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been decreased to approximately 7.5eV by the oxide layer. With 257nm (4.8eV) 
excitation photon, surface plasmon on Al-vacuum interface has a wave number 
(propagation constant) of 𝑘1 =         
 𝑐𝑚−1 , which corresponds to a SP 
wavelength of 247.4nm. In contrast, Al-Al2O3-vacuum interface has a wave number of 
𝑘2 =         
 𝑐𝑚−1, which produces a SP wavelength of 203.4nm. Aluminium’s 
permittivity at 4.8eV is 𝜀𝑚 =      + 𝑖    . From the dispersion relationship of 
surface plasmon in equation (4-5), we can obtain the effective permittivity of the 
Al2O3-vacuum dielectric environment is: 𝜀𝑒𝑓𝑓 = 1.4 . 
𝑘𝑠𝑝 = 𝑘0√
 𝑚 𝑒𝑓𝑓
 𝑚  𝑒𝑓𝑓
                       (4-5) 
In above equation, 𝑘0 =
2𝜋
𝜆
 is the wave-number for 257nm light in vacuum. With 
the values we have discussed above, we can further examine some important 
parameters of SPs in the system.  
The surface plasmon has evanescent decay into both metal and dielectric. The 




                           (4-6) 




2𝜀𝑚                      (4-7) 
At 4.8eV, we have the kz =        nm
−1 and penetration depth δ =     nm 
inside aluminium. The physical meaning of this value is the distance that takes for the 
field amplitude decay to 1/e of the amplitude at the interface. Because optical power P 
is proportional to | |2, from which we will have optical power P(z) = Ae−2∙z∙kz. For 
direct single photoemission process, the photoelectron-excitation is proportional to the 
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energy density of the exciting field. Together with the discussion in equation (4-3), the 
probability for an electron gets excited by surface plasmon and travel through both 
aluminium and oxide layer is:  
𝑃𝑝(𝑧, 𝑑) = 𝐵 𝑥𝑝[ ( kz +
1
𝐿𝑚
) 𝑧  
𝑑
𝐿𝑜
]             (4-8) 
Where B is a constant, relate to photo-excitation efficiency and tunneling 
probability from Al to oxide. 𝐿𝑚 and 𝐿𝑜 are the electron inelastic mean free paths in 
the metal and oxide layer respectively. The qualitative probability of photoemission in 
the system can be estimated in Figure 4-11. We notice free electrons within 4nm 
distance to the interface have a finite probability of emission as photoelectrons, which 
can be collected by the imaging system.  
 
Figure 4-11 Qualitative probability for a free electron becoming a photoelectron in 
aluminum at different distance to the Al-Al2O3 interface. The probability value on 
y-axis is normalized to constant B from equation (4-8). Three curves represent 
situation for different oxide thickness. Any electrons deeper than 4nm from the 
interface have low possibility to convert into photoelectrons. 
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The conclusion is favorable to our investigations. While, the aluminium oxide on 
the sample will degrade photoemission yield, relative to pristine aluminum, and the 
surface plasmon dispersion curve will be shifted; at 257nm, aluminum can still support 
surface plasmons and the photoemissive properties will not be completely quenched. 
The maximum initial energy of photoelectrons is about 1.8eV. To produce higher 
photo-yield, the oxide layer should be thinner to increase the escape probability. 
Furthermore, analysis of the surface plasmon dispersion on Al-Al2O3-Vacuum 
interface indicates the SP wavelength is 203.4nm, still in the low-k regime where 
propagation on the surface can be expected. 
 
4.9  Instrument Modifications for Sample Handling  
  The decisions on sample material, substrate configuration and other issues related to 
the initial experimental investigations required additional modifications to the PEEM, 
both in terms of sample handling and transport. The efforts to meet these requirements 
are outlined here. 
4.9.1  TEM sample adapter in PEEM  
    To accommodate the imaging of TEM membrane samples within the PEEM, a 
modified carrier was designed and fabricated. This requirement presented some 
technical challenges because the PEEM requires a strong acceleration field on the 
sample, and the potential for arcing and sample distortion cannot be ignored.   
94 
 
The carrier adapter was designed and fabricated to load standard 3mm TEM 
sample into PEEM cathode carrier. As shown in Figure 4-12, all these components 
were made of non-magnetic material, so it will not introduce any stray magnetic fields 
near the sample: fields would distort the imaging quality. The back side of the 
beryllium copper holder was lapped to a mirror finish to minimize potential arcing 
from the strong electrostatic acceleration field (designed to operate just below the 
vacuum breakdown field). The fragile nature of the extremely thin silicon nitride 
membrane, and need to work within ultra-high vacuum, also required careful design of 
the flexure stage to secure the membrane without any adhesives, which could degrade 
the vacuum. 
 
Figure 4-12 Adaptation of the PEEM carrier for TEM sample . Modifications have 
been made to enable a direct comparison between EELS and PEEM images of 
nanoscale plasmonic modal distributions. Reconfiguration of the PEEM to accept 
TEM membrane windows (as opposed to the original optical substrates of sapphire or 
quartz) provides the opportunity to image the same devices in both instruments. 
 
4.10  UHV Multi-function Loadlock  
Photoemission is an extremely surface sensitive process. The experimental program 
95 
 
utilized low work function metallic photocathodes. Due to their extreme sensitivity to 
contamination on the photocathode surface, it is required that specialized handling in 
Ultra High Vacuum (UHV) conditions from deposition and preparation through the 
imaging steps. A portable UHV system has been developed to protect the sample 
during transfer among evaporation, fabrication and imaging systems, Figure 4-13. This 
customized UHV transfer consists of four modules separated by gate valves. The 
vacuum was initially pumped down by a turbo-molecular pump and then maintained in 
the UHV range by ion pumps during sample transfer and storage. The sample can be 
loaded on to the lateral transfer arm into a 6-way cross chamber, on top of which is a 
sample storage chamber, allowing us to process multiple samples without breaking the 
vacuum.  
Another important feature of this attachment is the integration of a cesiation module, 
which enables a substantial lowering of the metal’s work function. For example, 
aluminium exhibit different plasmonic resonance expanding from 2eV to more than 
7eV, while its work function for photoemission is 4.08eV. In order to investigate the 
surface plasmon resonances below 4.08eV, we can deposit a thin layer of Cesium (a 
monolayer is sufficient), to reduce the work function of aluminium without changing 
its optical properties [49-51, 170]. For metals such as silver this technique is essential 
because the surface plasmons can only be excited up to 3.5 eV, but the work function 
is substantially larger than this value. Both Cs and Al are very reactive and sensitive to 
oxidation. So this process also has to be carried out in ultra high vacuum environment. 
Therefore, a cesium doser was integrated directly on the 6-way cross and sealed by a 
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gate valve.  
This important component has been successfully fabricated, installed and tested on 
the PEEM, enabling the exploration of a much broader range of experimental 
conditions, particularly in the lower photon energy region.  
 
Figure 4-13 The 3D model of the UHV transfer system as it attaches to the PEEM 
column. The lateral transfer arm is installed on a XYZ manipulation stage, providing 
us precise control during sample loading. On the top, a storage shelf is made to host up 
to 6 samples at one time. Conflat-flanges were used in this system so that it can be 
easily adapted to other vacuum chambers. The vacuum level can be maintained at the 
low 10
-10
 torr scale after proper baking. 
 
4.11  Chapter Summary 
In this chapter, direct patterning on metal films using a helium ion microscope is 
demonstrated. Two problems attached with helium ion fabrication, milling inefficiency 
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on polycrystalline samples and the bulging effect on optical substrates, were discussed 
and analyzed. A customized TEM sample adapter was fabricated to solve the substrate 
effects. It also enables direct comparison between EELS and PEEM measurements. An 
ultrahigh vacuum multi-function load-lock chamber was designed and assembled to 
protect the sample surface and permit cesium coating on sample surface to lower the 
work function. Additionally, the effort of fabrication sub-10nm plasmonic apertures 
was presented. The developed fabrication technique opens a new area for plasmonic 





Chapter 5.  Realization of Plasmonic Imaging 
To gain an immediate appreciation of the unique imaging capabilities and contrast 
mechanisms this developmental program has realized, we present Figure 5-1, a 4x3 array 
of patterned C-apertures with decreasing size from left to right (100, 80, 60 nm critical 
dimension), and angular variations from bottom to top in 10° increments. Illumination 
with linear polarized light simultaneously excites a combination of contrast mechanisms, 
excitation modes and plasmonic beam profiles, all captured in a single micrograph. Each 
mechanism will be explored individually later in this chapter, on simplified structures 
where analysis is more straightforward. However, the value of this micrograph is that 
many variations and coupling mechanisms can be observed at a glance.  
 
Figure 5-1 Realization of plasmonic imaging with the transmission photoemission 
electron microscope. Contrast mechanisms revealed in a 4x3 array of C-apertures. 
For instance, each C-aperture acts as an edge coupled Surface Plasmon Source with 
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multiple facets directing distinct plasmon beams in different directions. The plasmon 
beams from the multiple facets of an individual C-aperture interfere to create lobes in 
the 2D radiation patterns, much like the lobes formed with a phased array antenna. The 
composition and direction of the lobes emanating from each aperture depends on the 
polarization angle, with four separate angles evident here. The fixed wavelength 
illumination translates to a fixed equivalent plasmon wavelength, yet the radiation 
patterns change with device dimensions, largely because the relative phase shift from 
the multiple launching facets scales with dimension.  
A different effect can be seen when the propagating plasmonic beams from one 
C-aperture interact with those from one or more adjacent apertures. In this instance, a 
standing wave is created with periodic nodes and anti-nodes with dimensions directly 
related to the plasmon wavelength. These interference patterns often exhibit a 
beautiful complexity, depending on the angular composition of the interfering lobes.  
An anomaly exists at the aperture of Row D, Column 3 where a secondary bright 
spot and point source of radiating surface plasmons can be seen. Closer examination of 
this aperture and comparison with the scanning helium ion micrograph (inset) reveals 
a ~100nm scattering site on the emission surface. When excited D3 launches several 
plasmon beams, with one directed to intersect the scatter site, thus creating a 
secondary source with a new distinctive emission profile. This particular scattering site 
resulted from a random variation on the surface and the observed interaction was 
coincidental. Nevertheless, scattering sites with arbitrary complexity could be 
engineered and patterned directly onto the emission surface with cuts as shallow as a 
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few nm, lateral dimensions as small as a mere 5 nm, and alignment to a plasmon 
launch source with a positional accuracy of a few nm. Even without considering the 
possibilities patterned functional materials could open, the range of 2D plasmonic 
optical interactions that could be studied with ridges, trenches, periodic arrays or 
similar structures achievable with this simple relief generation is nearly limitless. 
 The central features of each C-aperture are bright, in reality much brighter than 
shown in Figure 5-1, since the intensity of this micrograph is not linear. Rather, it was 
stretched logarithmically to reveal the faint plasmon interaction which would 
otherwise be obscured in the shadows, Appendix 2. The same micrograph is re-plotted 
with a linear intensity scale in Figure 5-2, and here the nature of the optical resonances 
characteristic of these structures is evident, with the intensity and positions of the hot 
spot also changing with the device and illumination variations. Direct imaging of these 
hot spots and associated temporal characteristics, can also yield tremendous insight to 
a vast range of structures, designed for specific functionalities.  
 In this chapter we expand on the concepts captured within Figure 5-1 with a 
detailed examination of select structures in more tractable configurations and with 
controlled optical illumination. Section 5.1 develops concepts specific to the contrast 
mechanism that enable the visualization of the propagating surface plasmons. 
Structures are presented that isolate: 1) Edge launched plasmons, 2) Plasmon beam 
and lobe formation, and 3) Interference fringes between counter-propagating plasmons. 
Section 5.2 explores the contrast specific to localized resonances (e.g. hot-spots). 
Throughout these examples, observations are compared with rigorous Finite 
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Figure 5-2 Plasmonic imaging with the transmission photoemission electron 
microscope without contrast stretching in 4x3 array of C-apertures as in Figure 5-1. 
 
5.1  Surface Plasmon Photoemission Contrast  
Once excited, surface plasmon polaritons have a number of possible decay 
mechanisms. They can couple back to the optical field in the presence of surface 
roughness; they can scatter into the bulk; they can heat the film; or of particular 
interest to us, they can be extinguished with the ejection of an electron. The emission 
of electrons from decaying surface plasmons is the essential physical process 
responsible for the observed surface plasmon contrast presented in this section. 
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While plasmon mediated photoemission can achieve relatively high efficiencies 
(as compared to conventional light illumination), in most devices presented in this 
section, the relative intensity of this contrast is much weaker than that of the localized 
hot-spots (where there is a strong resonant enhancement of the local fields). To 
improve the visibility of surface plasmon contrast, all micrographs are plotted with a 
non-linear intensity scale. This intensity stretching method is detailed in Appendix 2. 
For comparison, a companion micrograph with a linear intensity is also provided. 
 
5.1.1  Edge Launched Surface Plasmons  
Edge launched surface plasmons are examined with controlled illumination of a 
double-slot aperture array, Figure 5-3. Each slot length is 500nm and the width is 
100nm, with a metal line of 100nm wide separating the two slots. A linear array of 
double-slot apertures was employed for this study, with an inter-aperture spacing of 2 
microns. 
 
Figure 5-3 TEM micrograph (a) and schematic (b) of a double slot aperture. 
Figures 5-4 summarizes FDTD simulations of the linear array with the PEEM 
images obtained with 257nm illumination. Figure 5-4 (a1) to (a3) utilize vertical, 
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Y-Polarization, while (b1) to (b3) use horizontal, or X-Polarization. For the FDTD 
simulations, the Ez field 10nm above the metal surface is plotted. In the experimental 
images, the brightness variations of (a2) and (b2) across the aperture array are a result 
of non-uniform illumination, where the laser beam was focused onto the center 
aperture.  
The Ez-field (Electric field component normal to the metal surface) is the signature 
of surface plasmon polaritons, and the presence of this field in the simulations (Figure 
5-4 (a1) and (b1)) just above the metal’s surface is a clear indicator of their presence, 
propagation direction and profile. Given that the metal film is optically thick, with 
plane wave illumination incident from the back-side, the Ez field distributions present 
on the metal’s front surface can only be initiated from the aperture edges. Additionally, 
the strong dependence of the emission direction and propagation profile on the 
incident light polarization represents a key indicator that the intensity distribution 
generated within the simulation is that of propagating surface plasmons, created by the 
momentum matching afforded at the structure’s edge. The strong agreement between 
the FDTD simulations and the experimental observations present in the PEEM 
micrographs, for identical structures and illumination, is compelling evidence of the 




Figure 5-4 FDTD simulation and PEEM images of the double-slot aperture array with 
horizontal polarization (a1) to (a3), as well as vertical polarization (b1) to (b3). In (a1) 
and (b1), FDTD simulated Ez field intensity 10nm above the metal surface, plane 
wave illumination. (a2) and (a3) are identical PEEM images, with (a2) linear intensity 
and (a3) stretched intensity. The same contrast difference applies to (b2) and (b3). 
   
An expanded analysis of the optical excitation (for both X and Y polarizations) and 
resultant localized fields directly at the aperture edges, can be employed to gain more 
insight into characteristics of these edge launching sources. The aim of this analysis is 
to provide a more complete explanation of the surface plasmon beam profiles and to 
explain features present in both the above simulations and experimental observations. 
For example, there are directional beams originated at the long edges of apertures in 
Figure 5-4(a1) and (a3), which are extending out along the y-direction. Although these 
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beams have lower intensity than the propagating surface plasmons along x-direction, 
they are visible in both simulations and experiments. This analysis requires an 
examination of the time domain information generated within the FDTD simulations, 
Figure 5-5.  
 
Figure 5-5 Temporal information for the localized electrical field at the edge of 
double-slot aperture. These hot spots produced by aperture act as the surface plasmon 
launching sources. The amplitude and phase delay between them will determine the 
pattern of propagating surface plasmons by interference between each other. In (b1), 
with y-polarization, points 2 and 4 are in phase with π/4 phase delay to the phase of 
points 1, 3 and 5. Together, five sources constructively interfere and produce 
propagating surface plasmons along y-direction. However for the case of 
x-polarization (b2), these points have smaller amplitude, and the relative phase delay 
among five points could only destructively interfere and produce the weak directional 
beams in Figure 5-4 (a1) and (a3).  
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For this simulation, five observation points along the long edge were selected to 
record the electromagnetic field information at each time step during FDTD 
simulation. A continuous plane wave at 257nm was applied as illumination source. 
The total simulation time step was chosen to be long enough so that the structures 
could reach steady state in the simulation. In Figure 5-5(b1) and (b2), Ez values at 
steady state were plotted to study the phase difference for selected observation points. 
Five observation points are evenly placed along the top edge of the aperture, as 
presented in Figure 5-5(a1). From the time domain data in Figure 5-5(b1), three 
smaller “hot spots” (points 1, 3 and 5) oscillate simultaneously while the other two 
main hot spots (points 2 and 4) are also resonating with the same phase. A phase 
difference of π/4 exhibits the two groups. Together, five points in two groups oscillate 
constructively at the 257nm incident wavelength, as if the entire 500nm long edge 
behaving like a line oscillator and launching the surface plasmon on y-direction. This 
explanation corresponds to what have been observed both in Figure 5-4(b1) and (b3).  
In contrast, under x polarization, the same five points no longer have a 
constructive interference pattern. As it is presented in Figure 5-5(b2), the phase delays 
between these points is not clear and produced only weak directional beams in 
y-directions. In analogy with simulation, the PEEM image also shows weak 
directional beams in Figure 5-4(a3), where the interference induced directional beams 
are apparent in the image. The interference behavior from surface plasmons source is 
the reason for different surface field patterns. This phenomenon is also observed in 
both simulations and experiments for other structures, further substantiating the source 
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of the imaging contrast.  
With the establishment of the surface plasmon contrast and its relationship to the 
simulations, this combined analysis can be extended to explore more complex 
geometries or additional phenomena related to surface plasmon interactions. 
 
5.1.2  Plasmon Beaming and Lobe Formation 
   The analysis is extended to describe the plasmon beam forming observed from a 
2
nd
 order Hilbert fractal aperture with a critical dimension of 100 nm, Figure 5-6. Both 
FDTD simulations and experimental observations reveal a field distribution 
characteristic of the interference pattern of two point-sources, Figure 5-6. The surface 
plasmons generated at the aperture edge and their propagation are represented by the 
white dotted curves in Figure 5-6(a3) and (b3). Under y-polarization, the structure has 
two main hot spots on the bottom edge near the protrusion from simulation result in 
Figure 5-6(a1). The “bright spot” between these two hot spots is not an actual source 
to launch surface plasmons, but rather the field peak from interference. From the time 
domain analysis, these two hot spots are oscillating in same phase under y-polarization. 
The center directed beam is produced by the constructive interference between two hot 
spots, which is the characteristic two point-source interference pattern. The same 
situation can be found for x-polarization in Figure 5-6b1) and (b2), as highlighted on 





Figure 5-6 FDTD and PEEM images of 100nm critical dimension 2
nd
 order Hilbert 
aperture. (a1) and (b1) show FDTD Ez field distributions 10nm above the metal’s 
surface, with plane wave illumination (logarithmic scale). (a2) and (b2) are the PEEM 
micrographs at two polarizations, as indicated. Typical two point interference patterns 
can be found in each image close to the aperture edge, which is demonstrated by the 
simple cartoon in (a3) and (b3). 
A technique of extracting time domain data from the FDTD simulation was 
employed again to verify the phase difference between two hot spots. The Ez fields in 
the time domain are indicated in Figure 5-7. Because of the structure symmetry, spot A 
and B has the exactly the same phase and amplitude with y-polarization. This in-phase 
oscillation between two sources produces a third interference beam that is observed in 
both Figures 5-7(a2) and (a3). In contrast, under x-polarization, point A and B has a 
relative π/6 phase delay, and no surface plasmons are introduced from the two points 






Figure 5-7 Time domain oscillations of the electrical field at the two bottom hot spots 
for 100nm CD Hilbert aperture. With y-polarization, points A and B have exactly the 
same phase and amplitude due to the structure symmetry. These sources produced an 
interference pattern characteristic of a two point system. With x polarization, the field 
amplitude is smaller, and π/6 phase delay between the two points does not produce a 
clear interference pattern. 
We have shown that the propagating surface plasmons are launched from the 
aperture edges, at the localized hot spots, as well as the directional beams are produced 
by the interference between multiple sources on the structure, which is influenced by 
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the relative position and phase delay between these sources. If this explanation is 
correct, interference patterns for arbitrary source configurations should be predictable 
and determined by adjusting the relative phase delay between hot spots on the 
structure. This phase adjustment was achieved by rotating the polarization of incident 
light both experimentally and within the simulation, Figure 5-8. In Figure 5-8, the 
incident laser was linearly polarized but rotated by 45 degrees. Unlike the situation 
shown in Figure 5-6, where surface plasmon beams are propagating along x or y 
direction, the propagation direction of surface plasmons is tilted towards the left side 
in Figure 5-8. Both the simulations and experiments agree well with the predicted 
behavior, further substantiating the combined approach to analyze and measure 
complex interference patterns. 
A closer examination of Figure 5-8 reveals additional interactions of great interest 
to investigations: standing wave patterns formed by the counter propagating surface 
plasmons launched from adjacent apertures (visible left of the apertures). The FDTD 
simulation result is plotted in Figure 5-8(a), and exhibits very good agreement with the 
experimental observations contained within the PEEM micrographs. While there are 
some discrepancies that warrant further analysis (e.g. the standing wave patterns 
between two Hilbert apertures are not visible in photoemission images), the ability to 
experimentally visualize these plasmonic interactions opens many opportunities to 




Figure 5-8 FDTD simulations and PEEM micrographs of a Hilbert aperture array with 
incident light at 45 degree polarization. (a1) a plane wave illumination was used in 
FDTD, and Ez field is plotted out at the plane 10nm away from metal surface. 
Interference pattern is asymmetric on left and right side, indicating the propagation 
direction of surface plasmon is tilted toward the left side (b) and (c) are the PEEM 
images for the same aperture array. The contrast of (c) was adjusted to highlight the 
direction of surface plasmon and the standing wave patterns. 
 
5.1.3  Interference Fringes between Counter-Propagating Plasmons 
  We have developed a model to describe the experimental observations including: a 
description of the plasmonic photoemission contrast essential to the imaging technique, 
the source of the edge launch surface plasmons, and how the source structure’s 
resonant modes influence the propagation characteristics of these surface plasmons 
through constructive interference. The analysis is new expanded to describe a final 
observation (briefly touched upon in Figure 5-8): interference fringes. The analysis 
112 
 
will show that there are two classes of fringes observable with PEEM imaging 
technique. The first, visible in Figure 5-8, is a result of the interaction between 
counter-propagation plasmon beams. This first interference fringe (type 1) is present in 
both the simulations and the experimental observations, and can be modeled with 
some certainty. A second type of interference fringe was observed experimentally, but 
could not be easily explained with our existing models. We speculate that the second 
fringe type is the consequence of interference between the propagation surface 
plasmons and the very faint optical energy from the illumination source which may 
penetrate through the metallic film. To explain the second fringe type (type 2), we 
review the literature, where its presence has been identified with alternative imaging 
techniques.  
   Type 1 fringes are more frequently observed in PEEM images, while the type 2 
fringes remain elusive because the metallic films are optically thick, and the 
transmitted light energy available for this interaction is exceedingly small.  
Nevertheless, there are instances where both types are visible on the same micrograph. 
The introductory figure for this chapter (Figure 5-1) is one such image. A region of 
interest within Figure 5-1 is enlarged and duplicated here for reference and analysis, 
Figure 5-9(a). The previous observations of type 1 fringes (evident is 5-8) is also 




Figure 5-9 Two types of surface interference fringes. (a) is an enlarged region of 
interest from Figure 5-1, where both fringe types are visible. (b) is a duplication of 
Figure 5-8 for immediate comparison. Only type 1 fringes were captured in this image. 
The period of the type 1 fringe, which is the interference between counter-propagating 
surface plasmons, is close to λspp/2. The type-2 fringe, produced by interference 
between transmission light and surface plasmon, has a period of λspp 
 
For type 1 fringes, the period between fringes is formed by two counter 
propagating surface plasmons, thus should have dimension of λspp/2, where λspp is the 
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wavelength of surface plasmon. Extraction and measurements of the relevant features 
of Figure 5-9 a,b produces a fringe period of approximately 106 nm in Figure 5-9(a) 
and 109 nm in Figure 5-9(b). The calculated wavelength of surface plasmons on our 
Al-Al2O3 sample should be 203.4nm. The observed type 1 fringes thus match the 
theoretical value closely, with λspp/2=102. Unlike the type 1 fringes (produced by 
counter propagating surface plasmons), the second type fringe has a period of λspp [184, 
186]. From the measurements of Figure 5-9(a), the type-one fringe has a period of 
~207nm, which matches the conclusion from cited references (λspp=203.4nm from 
calculation). 
Both fringe types have been observed previously with alternate imaging 
techniques. Type 1 interference patterns were observed by Sönnichsen C. et al. using a 
SNOM [171]. In their experiments, surface plasmons were launched through a circular 
aperture. A surface tip was excited by the surface plasmons launched by aperture and 
became secondary active source generating surface plasmons. Similar experimental 
results and theoretical analysis were also reported later [172-174]. Type 2 fringes were 
reported by L. Yin et al. using the SNOM technique [172]. In their experiments, they 
also launched surface plasmon through a circular aperture on gold film with 100nm 
thickness. A SNOM probe was used to scan over the back side and image the near 
field distributions. They found the fringe characteristics change with both incident 
angle and polarization of the beam. Because these surface plasmon apertures are 
isolated from each other, the fringe can only be interference between transmission 
light and surface plasmon. This conclusion was also reported by others [173-175]. The 
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simple cartoon demonstrating two types of interferences are displayed in Figure 5-10.  
 
Figure 5-10 Demonstration of two types of interferences 
 
5.2  Localized Field Distributions on Resonant Structures 
The transmission PEEM imaging technique features an additional contrast 
mechanism which enables the direct imaging of the optical resonances and field 
distributions characteristic of metallic nanostructures. Direct imaging of these hot 
spots and associated temporal characteristics, can also yield tremendous insight to a 
vast range of structures, designed for specific functionalities. 
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5.2.1  Exemplary Resonant Structures 
One exemplary plasmonic structure, comprising of a square aperture and three 
protrusions, was fabricated and imaged to probe its near field distributions, Figure 
5-11. Compared to the full Hilbert device, this simplified structure exhibits resonant 
modes that are easier to be distinguished in the transmission PEEM. 
 
Figure 5-11 Schematic of Hilbert aperture a1) and 3-protrusion aperture b1). All the 
3- protrusion apertures imaged in this thesis has 50nm critical dimension. Without the 
central fork, 3-protrusion aperture has less resonating structures and the field 
distribution will be more distinctive than complex structures like Hilbert curve. a2) 
and b2) are the corresponding structure images in HIM. 
Figure 5-12 presents both the PEEM images and FDTD simulation results of a 
3-protrusion aperture with 50nm critical dimension. The PEEM images were taken 
with a 45kV gun voltage and 257nm UV laser illumination at 200ps pulse width. The 
optical response of the structure was simulated by FDTD. A plane wave illumination 
was used in simulations, which corresponded to the experimental parameters. Good 
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agreement was found between experimental results and simulation predictions, as it is 
summarized in Figure 5-12.   
 
Figure 5-12 FDTD simulation results (a1 and a2) and PEEM experimental (b1 and b2) 
images. Field distribution on 3-protrusion aperture is observed to be localized at the 
perimeter, and the hot spot position changes with polarization. 
 
In Figure 5-12 (a1) and (a2), simulations were conducted separately for incident 
light at x and y polarization. The Ez field from FDTD simulation is plotted at an 
observation plane 10nm below the metal surface. For both x and y-polarization from 
the simulation, the high field intensity is observed in the vicinity of the three 
protrusions. However the entire structure is oscillating along the y-direction in (a1), 
whereas hot spots are located on the top and bottom edges; there are no distinguishing 
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high fields on left and right edges. In contrast, for x-polarization in (a2), the hot spots 
shifted to edges on the left and right side above the two lateral protrusions. The entire 
structure is oscillating along x-direction with the incident light of x-polarization.  
The corresponding PEEM images in Figure 5-12(b1) and (b2) reveal the optical 
responses of the aperture to incident light with different polarizations. The brightness 
of a PEEM image is proportional to the number of photoelectrons generated at 
different locations, which is directly determined by the localized optical field intensity. 
In Figure 5-12(b1) and (b2), PEEM images at two polarizations indicate similar field 
distributions with the simulations. The good match between experimental images and 
simulation perditions indicates the characterization capability of the transmission 
PEEM to probe localized field distributions. 
Apart from mapping the near-field distribution of a structure, defects on a device 
can also be detected in PEEM, as shown in Figure 5-13. The aperture in (b1) was 
over-milled during patterning in the helium ion microscope, where the TEM image 
shows the two lateral protrusions were damaged. Different field distributions on the 
defective device were acquired in (b2) and (b3). In contrast with a complete device in 
(a1), the hot spots on lateral protrusions in (a2) and (a3) disappeared on the damaged 





Figure 5-13 TEM images of a typical aperture (a1) and the aperture with defects due 
to over milling (b1). The PEEM micrographs (a2, a3, b2 and b3) elucidate the change 
in near field distribution arising from the defects.  
 
The double-slot aperture was also employed to test the imaging capabilities, 
which is presented in Figure 5-14. The slot length of fabricated double-slot aperture in 
Figure 5-14 is 500nm, and the width is 100nm with a metal line of 100nm wide 
between two slots. Due to the asymmetry of this structure, it is expected to exhibit 
different responses with different polarizations. Distinct modes at incident wavelength 
of 257nm were observed in Figure 5-14. FDTD simulation plots of averaged 
magnitudes of Ez fields at an observation plane 10nm away from the structure surface 
are presented in Figure 5-14(a1) and (a2). For the y-polarization in (a1), it is noticed 
that there are two hot spots with stronger Ez field along the longer edge of the 
double-slots. In contrast, for simulation with x-polarization in (a2), the structure seems 
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to resonate at higher order modes (e.g. the main hot spots are present at left and right 
ends of the slots, and smaller hot spots are evenly distributed along the long edges). 
Similar patterns of near-field distributions were validated by PEEM images. In Figure 
5-14 (b1), the PEEM image shows the two groups of hot spots along the long edges 
similar to the pattern of FDTD simulation in (a1); in addition, small but clear lines in 
the center of slots are separating these hot spots on the long edges. Compared to 
y-polarization, the hot spots for x-polarization are on left and right ends of the slots; 
moreover, smaller hot spots which are evenly distributed on the long edges in 
simulation are merged together in experiments.  
One more observation from Figure 5-14(b1) and (b2) is the different behavior of 
the photoemission site in between two apertures. Under y-polarization in (b1), this site 
is excited by the surface plasmons, which are launched from the slot edge and 
propagating on y-direction. A clear bright spot is observed in (b1). In contrast, for x 
polarization, the aperture generates surface plasmons propagating along the x-direction 
on the sample surface. Therefore, this spot is not excited in (b2) and vanishes in the 
dark area.  
Experimental images from the PEEM show a reasonable match with simulated 
near-field plots. However, the PEEM resolution is currently limited around 50 nm 
which restricts the ability to provide better images. For instance, the smaller hot spots 
in Figure 5-14(a2) is not distinguished in corresponding PEEM image of Figure 
5-14(b2). Similar limitations of the PEEM resolution are noticed from Figure 5-12 
through Figure 5-14. We speculate that the resolution limits for detecting near-field 
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distribution limited by the origin and potential energy spread of the photo-electrons 
generated inside the apertures. Transmission optical fields inside the aperture could 
modify initial conditions of locally generated photo-electrons, introducing enhanced 
chromatic aberrations at final image plane. This phenomenon is discussed together 
with the disagreements between simulations and experiments. 
 
Figure 5-14 Resonance of double slot aperture at 257nm. PEEM images shows a good 
match with the FDTD simulation at both x and y polarization. TEM image of the 
measured device is shown in (c). PEEM images were taken at 45kV gun voltage with 
beam limiting aperture. In (b1), a bright scattering spot on top of the aperture is 
excited by the propagation surface plasmon in y-polarization while it is absent with the 
x polarized excitation. 
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5.2.2  Observations and Potential Limitations 
Two disagreements which exist between simulation and experimental results are 
observed from Figure 5-12 to Figure 5-14. First, it is noted that some electrons are 
coming from the milled regions of apertures; however there is an absence of material 
to produce photoemission electrons in these regions. Second, in PEEM images hot 
spots on the aperture edge are more uniform along the cutting line, whereas the hot 
spots are visibly separated in simulations. For example, in Figure 5-12 (a1), there are 
two hot spot on the side of top protrusion. However, corresponding PEEM image in 
Figure 5-12 (b1) shows the photoemission intensity is quite consistent along the edge. 
Similar observations are found for x-polarization, where profiles of hot spots above 
lateral protrusion on left and right edges are different between Figure 5-12 (a2) and 
(b2). These two mismatches contribute to the resolution limitation of PEEM in this 
particular application. They could be explained by the photoelectrons generated inside 
an aperture, as it is demonstrated in Figure 5-15 below.  
As shown in Figure 5-15, with the transmission PEEM experiments, when the 
incident light hits the aperture, it can be scattered by the edge of an aperture and 
coupled to localized surface plasmons if the structure’s resonant condition is satisfied 
[125, 143, 144, 160]. The coupling mechanism and potential photoemission locations 
are illustrated in Figure 5-15. Surface plasmons on top surface and the transmission 
fields inside the aperture are established from the resonating structure. Through 
transmission, surface plasmons on the bottom surface are also launched by the 
aperture. Photoemission occurs at three possible locations, represented by electron 
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trajectory ‘a, b and c’ in Figure 5-15. Electrons that originate inside the aperture, are 
labelled as electron ‘c’. The trajectory of this electron is randomly shifted by optical 
field inside the aperture, leading to modified initial emission angle and energy. This 
type of electron produces an apparent source within the milled region in the 
micrographs. In addition, the electron ‘a’ generated by the hot spot near the edge of the 
structures is directly translated to the localized resonant field distribution. The electron 




Figure 5-15 Demonstration of surface plasmon coupling and photoemission process in 
the nano-aperture experiments using PEEM. (a1) and (b1) are the distributions of 
electrical fields inside the Hilbert aperture from FDTD simulations; (a2) and (b2) are 
the localized field distributions on the sample surface from FDTD. (a3) and (b3) are 
the same PEEM images from Figure 5-12, the brightness of which is a representation 
of photoemissions from all possible locations near the aperture. 
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   FDTD simulations were employed to examine the field distributions inside an 
aperture, as shown in Figure 5-15(a1) and (b1). The electrical field distribution is 
uniform along edges corresponding to the apparent hot spots in the micrographs 
Figures 5-12 (b1) and (b2), which are again plotted in Figure 5-15 (a3) and (b3). The 
PEEM simultaneously collects electrons generated from both the inner wall of an 
aperture and the hot spots on the aperture edges: the electron ‘c’ and ‘a’. The electrons 
generated inside aperture (electron ‘c’) will be altered by the transmission optical field 
before they enter the strong dc acceleration field below metal surface. This effect may 
contribute to image degradation due to enhanced trajectory displacement and a 
broadening of the energy spread (and resultant chromatic aberrations)  
  The experimental observations within images Figure 5-12 to 5-14 provide important 
insight to aid in the estimation of the system resolution for plasmonic imaging. The 
resolution for distinguishing hot spots on aperture sample is about 50nm from Figure 
5-12 to Figure 5-14, which is less than the observed edge resolution (~18 nm) of the 
CsBr photocathode in chapter 3. Future investigations and optimization is needed to 
fully detail these effects and to improve imaging performance. However, this image 
contrast in PEEM could be utilized for our advantages to design other experiments. 
For instance, one layer of dielectric material suppressing photoemission can be grown 
on the metal surface. Therefore, PEEM images will only represent the optical field 





5.3  Chapter Summary 
In this chapter, the characterization of surface plasmons using the transmission 
PEEM has been demonstrated. Both near field distribution and the propagating surface 
plasmons have been detected. FDTD simulations were conducted to analyze the 
experimental observations. Excellent agreements between FDTD simulation and 
PEEM results have been obtained, which demonstrates the capability of using PEEM 
to characterize plasmonic structures with nanometer accuracy. 
The photoemission images produced in this work are very encouraging. Although 
pioneering PEEM work has been reported to probe near field distributions on 
nano-metallic structures and gratings, it is the first time that transmission images were 
obtained. Unlike the reflection PEEM, all the photo-electrons collected in the 
experiments originate only from the plasmonic field. In addition, the photoemission 
process is non-perturbative to local optical fields and it probes the real near field 
intensity. Furthermore, unlike EELS, PEEM exploits truly optical excitation on 
samples, where the polarization, wavelength, incident angle can be controlled to study 
the true optical response from designed devices. 
The PEEM images of surface plasmon in this chapter demonstrated the 
advantages of this characterization technique, which could assist in evaluating device 
concepts and designs, verify the physical process, and enable the development of 




Chapter 6.  Contributions and Future Work 
6.1  Contributions 
The primary goal of this work was the design, fabrication, system integration, and 
demonstration of a new imaging capability to enable non-invasive probing of the 
extremely scaled optical fields characteristic of nanoscale plasmonic devices. 
Successful achievement of this goal has opened at least two classes of devices to 
investigation at unprecedented spatial and temporal resolutions. First, the direct 
observation of the resonant optical fields, which are tightly confined within the 
structural elements, can be achieved without perturbation of the fields by a probing 
structure. Second, with controlled engineering of the aperture geometry, a mechanism 
to launch surface plasmon polaritons can be employed to achieve isolated plasmonic 
sources with dimensions smaller than 50 nm. If the illumination wavelength is chosen 
such that the photon energy exceeds the metal’s work function, as shown before (4.8 
eV photon energy, with aluminum structures), the propagating surface plasmon 
polaritons can be observed directly by virtue of their decay to photoelectrons. Together, 
these new characterization techniques enable the controlled investigation of a very 
broad range of structures, interactions and phenomena previously inaccessible.  
The path to realizing this goal comprised multiple, parallel developmental efforts 
spanning a broad range of disciplines and each of these efforts provided the 





1. For the first time, demonstrated the application of a novel transmission PEEM 
for nanoscale plasmonic imaging, as well as the imaging contrast using 
one-photon photoemission on aluminium.  
2. Design, fabrication and system integration of a high resolution electron optical 
column with sub-20 nm resolution 
3. Simulation and modeling of the operating parameters and illumination 
conditions for the electron optical column using Munro’s Electron Beam 
Software Package. 
4. Experimental verification and characterization of the electron optical column 
to deduce optimal imaging configurations and compare with the simulated 
results.  
5. Development and operation of a complex laser beam path capable of 
providing controlled illumination over different temporal scales (200fs, 2ps 
and 200ps) and a broad range of wavelengths (UV to NIR). 
6. A detailed investigation to ascertain the fundamental limits on imaging 
resolution, theoretically and experimentally, in the presence of strong 
stochastic space charge effects.  
7. Extensive improvements on the existing infrastructure and environmental 
conditions of the facility to minimize vibration, noise, instability due to 




8. Development of a novel patterning technique which enabled direct metal 
milling (with a helium ion microscope) to fabricate plasmonic devices which 
can be scaled deep into the sub-10 nm regime.  
9. Demonstration of plasmonic imaging with contrast mechanisms to visualize 
plasmon launching, propagating modes and interferences between 
counter-propagating plasmons and localized resonances in these structures. 
Comparison with FDTD simulations to provide a detailed understanding of the 
experimental observations. 
6.2  Future work 
Although this thesis presents only initial investigations of plasmonic imaging 
with a novel transmission PEEM, it establishes the enormous potential for various 
exciting plasmonics studies that are now viable using this system. Out of many 
possible applications, three interesting topics are of immediate impact. 
 Comparison between PEEM and other characterization techniques, i.e. SNOM 
and EELS. 
 Novel device concepts employing2D optics with spatio-temporal control 
 High brightness plasmonic photoelectron sources 
6.2.1  Comparison between PEEM and Other Techniques 
  The direct comparison of the imaging capabilities with Electron Energy Loss 
Spectroscopy (EELS), one of the most prevalent tools due to its unmatched resolution 
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[29, 35], would establish an important benchmark for the scientific community 
because it would enable a direct correlation between the optical fields stimulated with 
electrons vs those of light excitation, on the same sample. This is particularly 
important because with EELS, the optical field excited by swift electrons is an 
averaged field over all polarization directions. Therefore, it is not straightforward to 
analyze the device’s optical response. Additionally, EELS could stimulate the dark 
modes on structures which are not accessible through optical excitation, and the 
PEEM could be employed to distinguish these modes on identical samples. 
Differentiating the dark modes from optical modes in experiments remains difficult 
because few optical characterization tools have the matching resolution with EELS. 
However, the direct comparison between the PEEM and EELS suitably fills this gap. 
    In this work, I have demonstrated that the transmission PEEM is a unique 
plasmonics imaging technique with nano-scale spatial resolution. The enhancement of 
photoemission from surface plasmons is utilized as the contrast mechanism in PEEM 
to probe both the near field distribution as well as the propagation of surface waves. 
This process is not invasive to local optical fields and reveals the true optical response 
from structures.  
    It would be beneficial to have a comparison between the EELS results and PEEM 
images on the same sample. Direct comparison between these two methods would 





6.2.2  Nano-scale 2D Optics Design 
  Applications for electronic and optical integration are of significant research 
interest. Many novel devices have been proposed to manipulate light on a 2D plane 
[63-65]. With the imaging capabilities of the PEEM as well as the fabrication 
techniques we have demonstrated in this work, a rich set of 2D optical devices can be 
fabricated and characterized. For example, Ditlbacher et al. reported a 2D plasmonic 
multiplexing device, in which the focus point of the surface plasmon can be modulated 
by the incident angle of the laser beam [63]. This structure could be directly 
characterized in PEEM with a higher resolution than near field scanning microscope 
(SNOM). Moreover, the high resolution capability of PEEM enables non-perturbative 
studies of surface wave interference patterns. Although SNOM has been widely 
applied to conduct this type of measurements, the information on surface fields is 
hampered in SNOM, since the near field nano-probe employed to detect the local field 
destructively interferes with it.  
6.2.3  Plasmonic Photo-electron Source  
Conventional single beam electron lithography is known for being limited by 
throughput. The limitation arises from the requirement of a higher beam current for 
fast writing speed and resolution degradation caused by Coulomb interaction[76]. 
Multi-beam lithography was proposed to improve the throughput using a parallel 
writing strategy [67, 69, 70]. The plasmonic nano-aperture arrays have been proposed 
to be a novel type of multi-beam electron source for high speed lithography. The 
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excitation of surface plasmons and the localized near-field in subwavelength apertures 
is favorable to reduce photoelectron source size. Although the simulated spot size on 
plasmonic devices is localized to dimensions at the sub-50nm scale, the initial studies 
on C-apertures have demonstrated several phenomena that affect the electron source 
size such as the propagating modes due to edge scattering and electron emission from 
the side walls. The effects of these phenomena over the electron source size are 
difficult to predict using simulations or theoretical models. The transmission PEEM is 
ideally suited for characterizing such devices. High resolution PEEM measurements 
could provide valuable information on the electron source size, field distribution, 




Appendix 1: Method of Simulating Coulomb 
Interactions – IMAGE Algorithm  
The IMAGE simulation package from MEBS is used to calculate the coulomb 
interactions in the PEEM. To simulate electrons traveling through the optical system, 
the axial field of each optical component is calculated using the second order finite 
element method (SOFEM package) and then fitted into an orthogonal set of Hermite 
functions, which can be expressed as: 
 (𝑧) = ∑  𝑛ℎ𝑛(𝑥)
𝑁
𝑛=0                        (A-1 a) 
 and ℎ𝑛(𝑥) =
1
√√𝜋2𝑛𝑛!
𝐻𝑛(𝑥)  𝑥𝑝(    𝑥
2) , 𝑥 =
𝑧−𝑧𝑐
𝑎
          (A-2 b) 
𝐻𝑛(𝑥) is the Hermite polynomial of degree n, 𝑧𝑐  is the central point of the 
functions, and a defines the width of the field region of the component.  𝑛 is the 
coefficient of the Hermite expansion. This type of Hermite series expansion can 
accurately fit any numerically computed axial field function and can provide a set of 
analytic field functions that are exact solutions of Laplace’s equation. These analytic 
field functions are differentiable to any order. This important property is critical for 
enabling N-body inter-particle Coulomb fields in the direct ray-trace.  
The initial conditions are critical and can be user-defined. For example, the beam 
shape, current density distribution, angular intensity distribution and the initial energy 
can be specified using different statistical distribution functions. A set of electrons are 
then randomly generated using a Monte Carlo simulation. The strengths of the focus 
elements are manually adjusted to approximate the correct focus. An auto-focus 
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algorithm is then used to fine-tune the focus exactly to a specified image plane. 
Subsequently, rays are traced directly through the acceleration region and thick lens 
fields. At each time step of the ray-tracing, the program calculates the fields of each 
optical component as well as the coulomb interaction forces between all particles. The 
position and slope of each particle is recorded. In this methodology, the software can 
predict the combined effects of the aberrations (geometrical and chromatic) and the 
e
-–e- interactions in a rigorous and unified way. 
Furthermore, this program divides charged particle beams into multiple bunches. 
The coulomb interactions between electrons in each section are taken into account 
while the forces between different bunches of electrons are neglected. This treatment 
perfectly matches the experimental setup since we utilize a train of UV laser pulses to 
illuminate the sample. As described previously, the laser system has a repetition rate of 
76 MHz, meaning the time delay between adjacent pulses is 13.15 nano-seconds. 
When the PEEM is operated at an acceleration voltage of 30 keV, an electron of this 
energy takes about 9.64 nano-seconds to travel through the column. This means that 




Appendix 2: Non-linear Image Intensity Scaling 
for Enhanced Dynamic Range 
The images from the PEEM were captured using an Andor Neo sCMOS sensor 
with the Andor Solis software package. The Neo with its 6.5µm sized pixels is capable 
of imaging with exceptionally low noise. The images are recorded at 16 bit grey scale 
level with a size of 2560 × 2160 (5.5 Megapixels). 
   As was mentioned for Figure 5-1, the aperture structures that were imaged with the 
PEEM show very bright hotspots surrounded by surface plasmons with low intensity. 
A long exposure time (usually more than 100s) is required to record electron maps at 
the region with lower intensity. The original data of one image records both localized 
field distribution on the aperture as well as propagating surface plasmons on the 
sample surface. The image contrast in PEEM represents an average of the optical field 
intensity over the acquisition time. In each image, the acquisition was controlled to 
capture lower intensity signals without saturating pixels for high intensity signals. An 
optimum exposure would result in the bright part of the image being positioned at the 
highest possible part of the 16-bit dynamic range without overflowing and causing 
data clipping. This would allow the faint parts of the image to be recorded with the 
highest intensity and the lowest noise possible. Due to the great intensity difference 
between these two areas, even such an optimum exposure results in an image with data 
being concentrated in the upper and lower extremes of the dynamic range with few to 
no pixels being of intermediate values. Figure A-1 is an example of such a raw image 
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which shows bright hotspots in a dark field. 
 
Figure A - 1 Original PEEM image without contrast stretch. Surface plasmons on the 
sample are difficult to be observed. 
 To visually represent this data better and show more meaningful contrast, the 
dynamic ranges of these images have to be better utilized and balanced. The bright 
whites and deep blacks in the images need to be expanded and pulled towards 
intermediate grey values to show their detail. The images were exported using the 
FITS 32 lossless scientific imaging format and processed using the ‘FITS Liberator 
version 3.0.1’ software package as described below. 
First, the required dynamic range of the image was identified by setting the white 
point and black point on the histogram to the brightest and darkest meaningful levels. 
The selected range of pixel intensities was then remapped to a non-linear function with 
a gradient that is always positive and decreases with increasing intensity. The specific 
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function used was selected from the list below on a case-by-case basis to give the most 





This method enables the dynamic range to be redistributed without clipping or 
losing any portion of the meaningful data. Figure A-2 shows the image of Figure A-1 
after processing with the method described above. The asinh(x) function was used for 
this particular image. The processing clearly reveals features which were completely 
hidden in the original image. 
 
Figure A - 2 PEEM image with stretched contrast. The surface plasmons are more 
pronounced in this image, and the beaming effect and the interference patterns can be 
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